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ABSTRACT 

With the development of human society, the problems of environmental deterioration 

and energy shortage have become increasingly prominent. In order to solve these 

problems, metal halide perovskite solar cells (PSCs) stand out because of their excellent 

properties (i.e., high optical absorption coefficient, long carrier lifetime and carrier 

diffusion length, adjustable band gap) and have been widely studied by researchers. 

PSCs with low cost, high power conversion efficiency and high stability are the future 

development trend. The quality of perovskite film is essential for fabricating PSCs with 

high performance. To provide a full picture of realizing high performance PSCs, this 

review focus on the strategies for preparing high quality perovskite films (including 

antisolvent, Lewis acid-base, additive engineering, scaleable fabrication, strain 

engineering and band gap adjustment), and therefore to fabricate high performance 

© 2021. This manuscript version is made available under the CC-BY-NC-ND 4.0 license http://creativecommons.org/
licenses/by-nc-nd/4.0/



2 

PSCs and to take the commerilization forward. 
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1. Introduction 

With massive consumption of fossil fuels across the globe, the energy shortage 

and environment pollution have become serious challenges. To solve these issues, the 

utilization of renewable energy (such as solar energy) is under intensive studies. Metal 

halide perovskite solar cells (PSCs), as an emerging solar technology in the spotlight. 

In the past ten years, PSCs have attracted considerable attention because of their unique 

optoelectronic properties (e.g., large absorption coefficient, long diffusion length, high 

mobility [1,2]). The chemical formula of traditional perovskite materials is ABX3, in 

which the A-site is univalent cation, such as Cs+, MA+ (MA=CH3NH3), FA+ 

(FA=HC(NH2)2), B-site is divalent metal cation (Pb2+ and/or Sn2+) and X-site is halogen 

anion (I−, Br−, and/or Cl−). The crystal structure of the ABX3 type perovskite can be 

regarded as a framework structure of the [BX6]4− octahedral network connected by 

vertices in three-dimensional space, in which B-site is the central position and A-site 

cation is located in the [BX6]4− framework interstices [3]. In 2009, MAPbI3 perovskite 

was first introduced into dye-sensitized solar cells with a power conversion efficiency 

(PCE) of 3.81% [4]. After a decade, PCE of PSCs has reached 25.5% [5], which is 

attributed to tremendous effort by the perovskite research community.  

Perovskite are versatile. Generally, pure lead-based perovskite and lead-less (or 

lead free) perovskite are the two classes. In each classification, in addition to the 

variation at the B site, the A site and X site can also be tuned, which leads to the 

adjustable band gap of perovskite materials. Fig. 1 shows the PCE enhancement of 

various PSCs in the last decade. Pure lead-based device possesses the highest PCE 
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(25.5%). Large variations of perovskite compositions can be witnessed. Even for the 

same type perovskite (i.e., the same composition elements and the same structure), there 

are variations. For example, for Pb-Sn based perovskites, perovskites with 75% Pb or 

50% Pb (note that both are in molar percentage), i.e., MAPb0.75Sn0.25I3, 

MAPb0.38Sn0.62I3 are found in the figure. Take another example, for MA-FA based 

perovskites, both MA0.4FA0.6- and MA0.3FA0.7- based perovskites are found in the figure. 

It should be noted that the PCE record of different kinds of perovskite are different, 

where the PCEs are limited by the opto-electronic properties of them. Overall, the PCEs 

for different type perovskites gradually increase. Although the record PCE is already 

very close to that of commercialized silicon-based photovoltaic, there is still strong 

demand to further increase the PCE, and there is still room to further improve the device 

performance because of the theoretical PCE of PSCs is ~32% [6].  
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Fig. 1. The PCE enhancement of various PSCs in the last decade. 

To accelerate the commercialization of PSCs, low cost and high stability are the 

two essential factors. To reduce the cost, there are three considerations. First, raw 

materials should be inexpensive. Fortunately, the constituent elements of perovskites 

(such as C, H, Cs, Pb, Sn, Cl, I and Br) are earth abundant. Hence, the cost of raw 

materials will not hinder the commercialization of PSCs.  

Secondly, the fabrication process should be based on low-cost equipment and 

processes. Again, perovskites fabrication fortunately possess the low-cost feature, 

because of easy formation of perovskite films (i.e., low formation energy or easy 

reaction between metal halide and organic halide), cheap equipment (such as spin coater 

[7,8], doctor blade [9], chemical vapor deposition [10,11], spray [12]) and non-harsh 

environment requirement (i.e., no need of high vacuum system). Solution method is 
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one of the most commonly used methods to prepare perovskite thin films because of its 

simple process and low cost. The rapid development of PSCs is closely related to the 

development of solution method. However, solution method also has some drawbacks, 

such as pinhole, inhomogeneity, low coverage. The poor film quality (pinhole will 

reduce the parallel resistance, and the uneven film will increase the series resistance) 

will lead to lower PCE and poor stability of PSCs. In order to improve the quality of 

thin films and promote the improvement of PCE, a large number of methods have been 

used to treat perovskite films, such as vapor-assisted annealing, adding additives in 

precursor, surface passivation layer capping, and so on. Among them, the combination 

of solution method and the antisolvent [13], Lewis acid-base [14], or additives [15] 

plays an important role in preparation of high-quality perovskite films and improving 

the efficiency of different kinds of PSCs. 

    Perovskite are often instable, especially when they are exposed to environmental 

conditions (such as moisture or/and oxygen). The instability of perovskite includes poor 

chemical stability and poor thermal stability [16], which would lead to defects and 

degradation of perovskite, and eventually damage the performance of PSCs [17]. The 

structural and morphological properties, as well as the intrinsic defects also affect the 

stability of perovskite itself [18,19]. For example, poor morphology not only leads to 

low light absorption and ineffective charge transfer, it also induces easy degradation 

because of the hydrophilic nature of perovskite and the easy reaction with water. The 

volatilization of organic cations can accelerate the degradation of perovskite films 

during thermal annealing [20]. Ion migration in perovskite also results in poor stability, 
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so the structure confinement or reducing defect in crystals are very important [21,22]. 

Stability of PSCs is strongly correlated with the fabrication method, and stability 

properties can vary from group to group. It should be emphasized that from the 

viewpoint of practical applications, stability is as important as PCE.  

In this review, we examine various strategies for fabricating high-quality 

perovskite films (and therefore enhancing device performance), including the 

antisolvent method (such as the role of it, the influencing factors and the methods to 

expand the dripping time window), the Lewis acid−base adduct approach, utilization of 

additives in precursor or surface of perovskite layer and the methods of scaleable 

fabrication. Strain engineering and the band gap adjustment are also discussed. At the 

end, we present the current challenges and future directions for commercialization of 

PSCs. 

2. Antisolvent 

    A solution contains solute and solvent. An antisolvent is a liquid that does not 

dissolve the solute but is miscible with the solvent. When perovskite is prepared by the 

solution method, perovskite precursor (such as MAI, PbI2, etc.) are dissolved in 

solvents. The commonly used solvents are dimethylformamide (DMF) [23], dimethyl 

sulfoxide (DMSO) [24], gamma-butyrolactone (GBL) [25] and N-Methyl pyrrolidone 

(NMP) [26], etc. In the spin coating process, most of the solvent is removed due to the 

centrifugal force generated by high-speed rotation. However, there is still residual 

solvent in the film formed by spin coating because the film is wet. The remaining 

solvent needs to be removed by thermal annealing. However, due to the relatively high 
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boiling point of these solvents, they evaporate slowly in the annealing process, leading 

to poor film morphology, which can seriously affect the performance of PSCs. In the 

spin coating process, the introduction of an antisolvent can rapidly reduce the solubility 

of perovskite precursor and promote the rapid crystallization and film formation of 

perovskite, which helps improve the performance of PSCs. 

2.1. Basic role of antisolvent 

2.1.1. Improving surface coverage 

Sometimes, the perovskite film is not a complete film and there are pinholes in the 

conventional one-step spin coating method, which has a detrimental effect on the 

performance of PSCs. The antisolvent method can increase the film coverage. The 

coverage of the film has a great influence on the performance of the device: (1) The 

film with low coverage will lead to no light absorption in the uncovered area, and the 

photocurrent will be reduced; (2) in the low coverage area, the hole transport layer 

(HTL) contacts with the electron transport layer (ETL), forming a high-frequency shunt 

channel, reducing the filling factor (FF) and open circuit voltage (Voc), and reducing the 

PCE of the device [7]. Only when the perovskite film with high coverage is used as the 

absorption layer, the best photovoltaic performance can be obtained. In 2014, Xiao et 

al. [27] prepared smooth, uniform and dense perovskite thin films by antisolvent 

treatment. They used DMF as solvent to prepare MAPbI3 film. In the process of spin 

coating, they added another solvent: Chlorobenzene (CB). CB can reduce the solubility 

of perovskite instantaneously by rapidly extracting solvent, thus promoting the 

crystallization of perovskite. Here, the solvents like CB are called antisolvent. Fig. 2(a) 
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shows the morphologies of the films prepared without/with antisolvent. The film 

prepared by the conventional spin coating method shows non-continuous coverage, and 

the grains are small (panel i of Fig. 2a), while the perovskite film prepared by CB 

antisolvent has no pinholes (panel ii of Fig. 2a), and the surface is covered completely 

with large grains. There are many kinds of antisolvent, such as CB and anisole. Due to 

the different physicochemical properties of the antisolvents (details can be seen in 

Section 2.3), as well as the variety of perovskites, the morphology of perovskite thin 

films may differ. 
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Fig. 2. (a) Scanning electron microscope (SEM) images of MAPbI3 perovskite films 

prepared by the conventional spin-coating method (i) and the CB antisolvent treatment 

(ii) [27]. Copyright 2014, Wiley-VCH. (b) SEM images (scale bar: 2 μm) of MAPbI3 

films prepared by conventional spin coating (N/A) (i) and Tol washing (ii). [28]. 

Copyright 2014, Royal Society of Chemistry. (c) Root mean-squared (RMS) statistics 

of (FAPbI3)0.85(MAPbBr3)0.15 perovskite films prepared by different antisolvents [29]. 

TFT is trifluorotoluene. Copyright 2017, American Chemical Society.  
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2.1.2. Increasing grain size and crystallinity  

In Fig. 2(a), we can see that the grain size of perovskite films prepared by 

conventional solution method is usually small (panel i of Fig. 2a), while CB antisolvent 

increases the grain size (panel ii of Fig. 2a). However, the antisolvent does not always 

increase the grain size. Some antisolvents (such as CB) have salient effect on increasing 

grain size, as described previously, while other antisolvent (such as Tol) have no 

obvious effect (panels i and ii of Fig. 2b). Therefore, the grain size is dependent on 

antisolvents. The physicochemical properties (the details can be seen in Section 2.3) of 

the antisolvent itself, the prepare condition of the antisolvent and the perovskite itself 

affect the grain size of perovskite [30,31]. It is well known that the larger grain size 

leads to the higher roughness of the film and the greater light scattering, thus reducing 

the light absorption of the perovskite layer. At the same time, large crystal grains also 

mean higher crystallinity and less grain boundaries (GBs) [32]. It has been reported that 

the presence of appropriate amount of GBs in perovskite thin films contributes to carrier 

separation and collection [33]. For example, Chen et al. found that the PbI2 phase at 

GBs of perovskite thin film has a passivation effect, which can improve the photovoltaic 

performance of PSCs [34]. Similarly, Son et al. added excess MAI into the precursors 

to form a thin MAI layer on the MAPbI3 GBs, which passivated the GBs, improved the 

ion conduction and increased the carrier lifetime [35]. Finally, it resulted in 20.1% of 

PCE. Note that the excess PbI2 [34] and MAI [35] here are for different preparation 

methods, and the quality of the film depends on the preparation method. 

On the other hand, the small grain size decreases the roughness and therefore the 
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light absorption will be enhanced. At the same time, small grain size indicates more 

GBs, which leads to more non-radiative recombination of carriers because that most 

defects are concentrated in the GBs of perovskite films [36,37]. In addition, more GBs 

can also lead to the water and oxygen penetration into the film through GBs channels, 

resulting in the degradation of perovskite [38]. Therefore, it is necessary to adjust the 

grain size by antisolvent to balance the roughness, crystallinity, light absorption and 

GBs, so as to enhance the photovoltaic performance of PSCs. 

2.1.3. Reducing film roughness  

 When there is no antisolvent, the surface of the film fluctuates greatly which 

means large roughness. This can be witnessed in Fig. 2(c). The use of antisolvent can 

reduce the roughness of the film. Due to the different properties of antisolvents, they 

have different effects on the surface roughness of perovskite films. The fluctuation of 

the film surface is slightly improved with ether. The RMS of the films prepared by p-

xylene, CB, tol and TFT are much smaller than that of ether, indicating that the surface 

tends to be more uniform. Effect of low boiling point antisolvent (such as ether) on 

improving the surface roughness of perovskite film is obviously weaker than other high 

boiling point antisolvent [29]. 

2.1.4. Improving photovoltaic performance 

The combination of the effects of the antisolvent mentioned above on the quality 

(coverage, grain size, crystallinity, and surface roughness) of the perovskite film 

eventually results in the enhancement of the PSCs performance. In details, full coverage 

enhances light absorption meanwhile avoiding contact between the transport layers. 
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Large grains reduce the GBs, which reduce the trap states, leading to decrease in non-

radiative recombination. While more GBs lead to shorten the life of carriers, thereby 

reducing the performance of the device. In addition, the higher crystallinity can increase 

the light absorption and increase the carrier mobility of the perovskite layer. Obviously, 

it can increase the generated photocurrent. 

The hysteresis of PSCs prepared by conventional solution method (spin-coating) 

is obvious (Fig. 3a), which is closely related to the number of defects in the perovskite 

thin film, as well as the transport layers. The ion migration in the perovskite layer and 

the charge imbalance of the interface will lead to the hysteresis [39,40]. The 

introduction of antisolvent in the spin coating process can improve the film quality, and 

then reduce the hysteresis (Fig. 3a). At the same time, the selection of ETL will also 

affect the hysteresis of PSCs [41].  

2.1.5. Enhancing stability 

Usually, PSCs prepared by the conventional spin coating method (i.e., no 

antisolvent) show poorer stability when exposed to air. The antisolvent can change this 

phenomenon by improving the quality of perovskite films. It leads to the improvement 

of device performance, which will eventually be accompanied by the improvement of 

stability. Fig. 3(b) shows the stability test of FAMACs PSCs prepared with or without 

antisolvent. When the device without antisolvent was exposed to air condition for 4320 

h, only 50% PCE was remained. On the other hand, the device with antisolvent can still 

reach more than 80% of the original PCE, suggesting the effective enhancement for 

stability. When the same perovskite is prepared using the antisolvent with various 
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physicochemical properties, their influence on the stability is unequal. Fig. 3(c) shows 

the stability test of (FA0.85MA0.15) Pb(I0.85Br0.15)3 PSCs prepared by CB, EA and MB 

respectively. Among the three antisolvents, CB had the worst effect on improving the 

stability, followed by EA and MB. The PSCs treated by MB could still reach 90% PCE 

of the original efficiency after being exposed to air for 1400 hours (Fig. 3c) [42].  

 

Fig. 3. (a) Current density-voltage curves and (b) stability test of triple-cation 

(FAMACs) PSCs without (control)/with antisolvent. Here, SSG2 represents self-

seeding growth, which is actually the antisolvent method [43]. Copyright 2019, Elsevier. 

(c) Stability tests of (FA0.85MA0.15)Pb(I0.85Br0.15)3 PSCs prepared by CB, ethyl acetate 

(EA) and methyl benzoate (MB) [42]. Copyright 2020, Wiley-VCH. 

2.2. Ways to add an antisolvent 
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2.2.1. Dripping   

In the process of spin-coating (one step or two step), there are several ways to add 

antisolvent. One of the most widely used is dripping [8]. Dripping can be divided into 

static dripping and dynamic dripping. During static dripping, antisolvent such as CB, 

Tol or ether is dripped on the center of the film surface during spin coating (Fig. 4a). 

After spin coating the perovskite precursor, the film is annealed in nitrogen atmosphere 

or air condition for evaporating solvent and promoting perovskite crystallization at the 

same time.  

 

 

Fig. 4. (a) Schematic diagrams of perovskite film prepared by dripping antisolvent [8]. 

Copyright 2014, Springer Nature. (b) Schematic diagrams of preparation of large area 

uniform perovskite film in antisolvent bathing [44]. Copyright 2015, Royal Society of 

Chemistry. (c) Schematic diagrams of dripping (i) and spraying (ii) antisolvent device, 
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with optical image of (FAPbI3)0.85(MAPbBr3)0.15 perovskite film prepared by them [12]. 

Copyright 2019, Wiley-VCH. 

The static dripping method usually results in uneven film morphology between 

edge and center, which is determined by the spin coating technique itself. So the static 

dripping is not suitable for the preparation of large area perovskite. To enlarge the scale, 

a dynamic antisolvent process for spin coating is explored [45]. In this report, the four 

corners and center of the film were inhomogeneous when the sample was prepared by 

traditional spin coating. While in the process of dynamic dripping, the pipette gun 

containing antisolvent moves from the center of the film to the top angle position, and 

the antisolvent is continuously dripped. The resultant perovskite film has good 

uniformity from the center to the edge. 

2.2.2. Antisolvent bathing  

In addition to dripping, antisolvent bathing is another way to incorporate the 

antisolvent. The antisolvent bathing, as the name implies, is to soak the wet film of 

perovskite precursor in the antisolvent. In the soaking process, the solvent extraction 

and the perovskite crystallization process happen simultaneously. Then, the film is 

taken out from the antisolvent bathing and subsequently annealed/naturally dried (Fig. 

4b) [44]. The films prepared by this method have high phase purity, large area coverage 

and super smoothness. So the antisolvent bathing is suitable for preparing large area 

high-quality perovskite film. When the temperature of the antisolvent bathing is room 

temperature, the performance of large-area PSC is inferior to that prepared by dripping 

method because of the lack of controllability for large area crystallization orientation 
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[46]. By adjusting the temperature of the antisolvent, the nucleation rate of perovskite 

can be reduced or accelerated, and the crystal orientation can be controlled [46,47] 

(Section 2.8 for a detailed description). The antisolvent bath can also be combined with 

gas blowing [48] and stirring [49] to control the morphology of perovskite better.  

2.2.3. Spraying of antisolvent 

The diffusion rate of some antisolvent itself (such as ACN) on the substrate is 

faster than that caused by spin coating. In the process of spin coating, dripping this kind 

of antisolvent will lead to the non-uniform diffusion of antisolvent, leaving a circular 

mark on the substrate, as shown in panel i of Fig. 4(c) [12]. This can be avoided by 

spraying this antisolvent on the substrate. The perovskite film prepared by spraying is 

uniform without circular mark (panel ii of Fig. 4c). 

2.3. Various antisolvent and their physicochemical properties 

Table 1. Physicochemical properties of common antisolvent.  

Antisolvent Chemical 
formula 

Chemical 
structure Toxic or green Polarity Boiling 

point (°C) 
DMSO 
miscibility 

DMF 
miscibility 

Toluene(Tol) C7H8 

  

~2.3 110 √ √ 

Trifluorotoluene 
(TFT) 

C7H5F3 

  
 102   

Chlorobenzene 
(CB) 

C6H5Cl 
  

~2.6 132 √ √ 

Bromobenzene 
(BrB) 

C6H5Br 
  

 156.2 √ √ 

Dichlorobenzene 
(DCB) 

C6H4Cl2 
  

~2.7 180.4   

Diethyl ether 
(ether) 

CH3CH2OCH2
CH3   

~2.9 34 × √ 

Dichloromethane 
(DCM) 

CH2Cl2 
  

~3.4 40 √ √ 
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Trichloromethane CHCl3 

  

~4.4 61 √ √ 

Acetonitrile 
(ACN) 

C2H3N 

  

~5.8 81 √ √ 

Petroleum ether 
(PE) 

C5H12, C6H14, 
C7H16 

 

 

~0.01 30–80 × × 

N-hexane C6H14 
 

 

~0.06 69 × × 

Isooctane (CH3)2CHCH2
C(CH3)3 

 

 

~0.1 99.3 × × 

Phenetole C8H10O 

  

 170   

Anisole C7H8O 

  

 153.8   

Diisopropyl ether (CH3)2CHOC
H(CH3)2 

  

~2.4 68 × √ 

Iodobenzene (IB) C6H5I 

  

 188 √ √ 

1-Butanol C4H10O 

  

~3.9 117 √ √ 

Sec-butyl alcohol 
(SBA) 

C4H10O 

  

 99.5   

Isobutanol CH3CH(CH3)
CH2OH 

  

~3 107.9 √ √ 

Ethanol (EtOH) C2H5OH 

  

~4.25 78 √ √ 

Ethyl acetate (EA) C4H8O2 

  

~4.3 77 √ √ 

Methyl-acetate CH3COOCH3 

  

 57.8   

Propyl acetate C5H10O2 

  

 107   

Methyl butyrate C5H10O2 

  

 102.8   

Methyl benzoate 
(MB) 

C8H8O2 

  

 198   
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Isopropanol (IPA) (CH3)2CHOH 

  

~4.3 82 √ √ 

    Various antisolvents were investigated in literature, which are listed in Table 1. The 

physical and chemical properties of the antisolvents, especially the polarity and boiling 

points, play an important role in the quality of the films and the photovoltaic 

performance of the devices. The polarity, boiling point, toxicity, chemical structure and 

miscibility with DMF or DMSO of each antisolvent are also shownTable 1. Antisolvent 

is usually added to the perovskite film after its formation or during its growth. So it 

should not dissolve, decompose and react with perovskite. According to the theory of 

similarity and miscibility, those with similar structure may be mutually soluble and 

those with similar polarity may be mutually soluble. If the polarity of antisolvent is as 

strong as DMF, DMSO and NMP. it will dissolve perovskite. For FAMA lead-based 

perovskite, Bu et al. determined the polarity of suitable antisolvent as 2–4.5 [50]. When 

the polarity of antisolvent is more than 4.5, it can not only extract solvent, but also 

dissolve perovskite, which is harmful to the growth of perovskite film. The polarity of 

antisolvent also determines the miscibility of antisolvent to solvent, which determines 

the extraction effect of antisolvent on solvent. The higher the polarity, the more miscible 

the antisolvent is with the solvent, which indicates that the solvent removal rate is higher. 

On the contrary, antisolvent with too low polarity will lead to poor solvent extraction 

effect [29].  

Suitable antisolvent depends not only on the polarity, but also on the boiling point. 

The boiling point of antisolvent controls the crystal growth time of perovskite [31]. The 



21 

 

drying rate of high boiling point antisolvent is slow in spin coating process, which 

prolongs the growth time of crystal. The existence of antisolvent in the film provides 

enough fluidity, which makes the adjacent nuclei larger and increases the grain size. If 

the boiling point is low, the antisolvent will evaporate too fast, which will lead to poor 

extraction effect of solvent [51]. Chen et al. [31] prepared MAPbI3 films using Tol, CB, 

iodobenzene (IB) and bromobenzene (BrB) as antisolvents. It was found that the short-

circuit current (Jsc) increased with the increase of the relative polarity of the antisolvent, 

while the Voc decreased with the increase of the relative polarity of the antisolvent. Li 

et al. used Tol, CB, ether, IPA and EtOH, to prepare PSCs [51]. It was found that the 

antisolvent (ether) with low boiling point and good polarity can produce high quality 

and high PCE (18.47%). Overall, the PSCs prepared by antisolvent with poor 

miscibility (low polarity) and boiling point have low PCE and poor reproducibility, 

while the films with high boiling point and miscible (polarity in appropriate range) 

antisolvent can obtain high density coverage and PCE.   

2.4. Dripping time effect 

Take an example for fabricating MAPbI3 perovskite thin film by antisolvent [27], 

the film-forming process can be divided into three stages. The stage 1 is a few seconds 

(3 s) of spinning with precursor solution, mainly to remove the excess precursor 

solution. At this stage, the perovskite solution does not reach the supersaturated state. 

If the antisolvent is added at this stage, the growth of perovskite will be affected, 

resulting in incomplete coverage. The stage 2 is 4–6 s. In this stage, antisolvent is 

introduced to extract the residual solvent quickly, accelerate the crystallization of 
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perovskite and promote the formation of uniform and dense film. The stage 3 (after 7 

s): The wet film becomes dry and begins to nucleate heterogeneous. However, the 

reported dripping time usually differ in different groups. Table 2 listed some reports 

regarding fabrication perovskites using CB, EA, Tol and ether. We can see that even for 

the same antisolvent and the same perovskite composition, the dripping time is different, 

and the device performance differs too. Early or too late dripping will cause poor film 

morphology, which would affect PCE of PSCs (Fig. 5a and c). So, the quality of 

perovskite thin film is very sensitive to the time of antisolvent dripping. The specific 

time of adding antisolvent needs to be continuously optimized to obtain the best PCE.  

 

 

Fig. 5. Effect of adding (a) Tol and (b) ether at different dripping time on PCE of 



23 

 

FAMACs PSCs [52]. Effect of different volume of (c) Tol and (d) ether on PCE of 

FAMACs PSCs [52]. Copyright 2018, Wiley-VCH. 

Table 2. Dripping time of perovskite films prepared by antisolvent. 

Antisolvent Perovskites Dripping condition PCE (%) Ref. 
Tol CsPbI3 20 s in 1st spinning step 6.9 [53] 

15 s in 1st spinning step 11.4 [54] 
FAPbBr3 25 s in 1st spinning step 5.7 [55] 
MA0.5FA0.5Pb0.5Sn0.5I3 10 s in 1st spinning step 14.01 [56] 
FAMA-based perovskite 15 s in 2nd spinning step 18.1 [57] 
Cs0.025FA0.475MA0.5Sn0.5Pb0.5I3 11–15 s in 2nd spinning step 20.4 [58] 
FA0.5MA0.5Sn0.5Pb0.5I3 11–15 s in 2nd spinning step 17.6 [59] 

Ether MAPbI3 10 s in 1st spinning step 16.9 [60] 
26 s in 1st spinning step 18.47 [51] 

FA0.75Cs0.25Sn0.4Pb0.6I3 18 s in 1st spinning step 15.4 [61] 
FA0.5MA0.5Pb0.5Sn0.5I3 30 s in 1st spinning step 19.03 [62] 
MAPbI3 4 s in 2nd spinning step 18.59 [41] 

10 s in 2nd spinning step 17.2 [63] 
CsFAMA-based perovskite 15 s in 2nd spinning step 19.5 [64] 

CB MAPbI3 10 s in 1st spinning step 21.33 [65] 
20 s in 1st spinning step 19.19 [66] 
25 s in 1st spinning step 12.9 [28] 
5 s in 2nd spinning step 15.5 [67] 
6 s in 2nd spinning step 12.53 [68] 
20 s in 2nd spinning step 19.19 [69] 

FA0.83MA0.17PbI2.49Br0.51 15 s in 2nd spinning step 14.87 [70] 
EA MAPbI3 20 s in 1st spinning step 14.5 [71] 

CsPbI2Br 20 s in 1st spinning step 12.19 [72] 
K0.03Cs0.05(FA0.85MA0.15)0.92Pb(I0.85Br0.15)3 25 s in 1st spinning step 17.82 [45] 
FA0.85MA0.15Pb(I0.85Br0.15)3 27 s in 1st spinning step 19.43 [50] 
(MAPbI3)1−x(FAPbIBr2)x 7 s in 2nd spinning step 20.11 [73] 
MA0.3FA0.7Pb0.5Sn0.5I3 20 s in 2nd spinning step 21.1 [74] 

2.5. Dripping quantity effect 

The quantity of antisolvent dripping also affects the device performance. A small 

amount of antisolvent cannot completely cover the substrate, and a large volume of 

antisolvent will cause cracks in the perovskite film [45]. The dripping quantity of 

antisolvent affects the particle size distribution of perovskite [75] and the quality of 

perovskite film [45]. Kara et al. [75] found that with the decrease of the quantity of 

antisolvent (Tol), the grain size increased, which leads to enhancement of crystallinity. 

For different antisolvent, the effect of their volumes on the PCE of the same PSCs is 

also different. Fig. 5(c and d) shows the normalized PCE of FAMACs PSCs prepared 
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by Tol and ether, respectively. It can be seen that the effect of ether’s quantity on PCE 

of FAMACs PSCs is less than that of Tol.  

2.6. Classification of antisolvent  

2.6.1. According to the toxicity of the antisolvent 

The antisolvent is either toxic antisolvent or green antisolvent. Common 

antisolvent, such as CB [76], Tol [8], ether [44], and dichloromethane [63], can regulate 

the nucleation rate and crystallization of perovskite very well, but they are toxic 

antisolvents, which will have a negative impact on human body and environment. As 

halogenated hydrocarbons, CB has inhibitory and anaesthetic effects on the nervous 

system. Long term exposure to CB can cause liver and kidney lesions [77]. Tol can not 

only pollute the air and water, but also cause serious nerve damage. A large amount of 

Tol can even lead to coma or death [78,79]. Although ether is less harmful to the 

environment, long-term inhalation of ether can cause somnolence, headache, irregular 

breathing, depression and other symptoms, and even life-threatening [80]. Overall, the 

toxicity and volatility of these antisolvents will cause environmental pollution and 

threat to human body, which will limit the commercialization and large-scale 

production of PSCs.  

In order to minimize or avoid the harm of toxic antisolvent to human body and the 

environment, fortunately there are green antisolvent, such as EA [50,71,72], anisole 

[52,81,82], IPA [83–85] and IB [30,31]. “Green” does not mean that there is no toxicity, 

but to minimize the harm to human body and negative effects on the environment 

[82,86]. Various toxic and green antisolvents and their structures are shown in Table 1. 
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2.6.1. According to the number of antisolvent used 

2.6.1.1. Single antisolvent 

Most of the antisolvent used by researchers is single antisolvent (i.e., only 

containing one solvent), such as CB [28] or Tol [25]. Generally speaking, the 

antisolvent that can be used alone has moderate polarity and boiling point. Moderate 

polarity can ensure the perovskite precursor-solvent complex (precursor-solvent 

complex is related to the Lewis acid-base addition reactions. See Section 3 for details), 

which is an important factor for the preparation of high-quality perovskite thin films. 

The best nucleation process and the perovskite thin films with good morphology can be 

obtained using this antisolvent alone. For example, the polarity of Tol is about 2.3, and 

that of CB is about 2.6. Their polarities are in the middle range, which avoid harmful 

effects on PSCs due to too high or too low polarity. Antisolvent with high polarity can 

not only extract the solvent completely, but also dissolve the perovskite. Similarly, if 

the polarity of the antisolvent is too low, the extraction effect of the solvent will be 

weakened, resulting in too high intermediate product content. Either situation will have 

an adverse effect on the morphology of the perovskite film, such as the appearance of 

pinholes and excessive roughness. In 2014, Tol and CB were respectively used to 

prepare MAPbI3 PSCs with good efficiency [8,27]. In addition to them, other 

antisolvents such as DCB, ether, trichloromethane and diisopropyl ether etc., can also 

be used alone (whose polarity can be obtained from Table 1). Table 3 lists the effects of 

various antisolvent on the photovoltaic performance of different PSCs, including single 

antisolvent, binary and ternary antisolvents. 
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2.6.1.2. Mixed antisolvents 

The polarity of antisolvent such as ACN and PE is too high or too low to be used 

as a single antisolvent. In order to make better use of these antisolvents to prepare high-

quality films, they can be mixed into binary or ternary antisolvents to achieve the 

purpose of neutralizing polarity. Gedamu et al. [87] mixed high polar EtOH with low 

polar CB and prepared MAPbI3 thin film with high coverage of 99.97%. When sec-

butyl alcohol (SBA) is used as antisolvent, the amount of intermediate is very low due 

to its high polarity, so the best nucleation process cannot be obtained, and the quality 

of the film is poor. Chen et al. [88] neutralized the polarity of SBA with CB and ether 

to form a ternary mixed antisolvent. The best nucleation process was obtained and the 

film quality and device performance were significantly improved (i.e., the PCE of 

MAPbI3 PSCs prepared by ternary mixed solvent was 16.5%, while the one prepared 

by single antisolvent was 15.06%).  

The effect of different antisolvents on nucleation density and perovskite crystal 

growth differs. Some antisolvents can increase the nucleation density of perovskite, but 

higher nucleation density will lead to smaller grains in perovskite films, which increases 

GBs. Antisolvent, which can inhibit the growth of perovskite, are mixed into this kind 

of antisolvent to balance the nucleation density and crystal growth. Such mixed 

antisolvent can control the growth of perovskite crystal better. For example, both ether 

and PE can increase the nucleation density of perovskite, while n-hexane can delay the 

growth of perovskite. Therefore, mixing n-hexane with ether or PE is helpful to obtain 

the nucleation density of dense and smooth films [79,89].   
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Table 3. Summarized data (i.e., perovskite type, device architecture, and the device performance) from literature of utilizing single antisolvent, 

binary and ternary antisolvents on various PSCs.  

Perovskite Antisolvent Device structure Voc  
(V) 

 Jsc  
(mA 
cm−2) 

FF 
PCE (%) 
without 
antisolvent 

PCE (%) 
with 
antisolvent  

Ref. 

single antisolvent 
MAPb(I1–xBrx)3 (x=0.1–0.15) Tol FTO/c-TiO2/mp-TiO2/perovskite/PTAA/Au 1.12 19.65 0.76 - 16.72 [8] 
MAPbBr3 FTO/c-TiO2/perovskite/spiro/Au 1.42 7.55 0.77 - 8.29 [32] 
MAPbI3 FTO/c-TiO2/perovskite/spiro/Metal contact layer 1.02 22.15 0.73 10.15 15.16 [90] 
FAPbBr3 FTO/c-TiO2/perovskite/spiro/Au 1.32 6.3 0.69 1.1 5.7 [55] 
CsPbI3 FTO/c-TiO2/mp-TiO2/perovskite/CuSCN/carbon-graphite 0.94 13.8 0.52 - 6.9 [53] 
Cs0.05(MA0.15FA0.85)0.95Pb(I0.85
Br0.15)3 

FTO/c-TiO2/mp-TiO2/perovskite/spiro/Au 1.05 21.7 0.75  17.1 [91] 

MA0.9Cs0.1Pb0.75Sn0.25I3 ITO/PEDOT: PSS/perovskite/PCBM/Bis-C60/Ag 0.84 22.8 0.76 - 14.55 [92] 
FA0.5MA0.5Sn0.5Pb0.5I3 ITO/PEDOT: PSS/perovskite/PCBM/C60/BCP/Ag  0.75 30.56 0.76 - 17.6 [59] 
Cs0.025FA0.475MA0.5Sn0.5Pb0.5I3 FTO/PEDOT: PSS/perovskite/PCBM/C60/BCP/Ag 0.81 33.14 0.76 - 20.4 [58] 
Cs3Bi2I9- Ag3Bi2I9 Bulk 
heterojunction 

FTO/c-TiO2/perovskite/PDBD-T/Au 0.78 7.65 0.60 - 3.59 [93] 

MAPbI3 
MAPbI3 

CB FTO/TiO2/perovskite/spiro/Ag 1.04 21.1 0.63 1.8 13.8 [27] 
FTO/TiO2:CsCO3/perovskite/spiro/MoO3/Ag 1.11 23.68 0.73 - 19.19 [69] 

CsPbBr3 FTO/Ni-TiO2/perovskite/CuPc/Carbon 1.362 7.92 0.79 6.94 8.55 [94] 
FA0.75MA0.25SnI3 ITO/PEDOT: PSS/perovskite/PCBM/Bis-C60/Ag 0.55 19.4 0.67 - 7.2 [95] 
FAPb0.75Sn0.25I3 ITO/NiOx/perovskite/PCBM/BCP/Ag 0.81 28.23 0.75 - 17.25 [96] 
MA3Bi2I9 ITO/TiO2/perovskite/spiro/Au 0.72 0.49 0.32 - 0.11 [97] 

FTO/c-TiO2/mp-TiO2/perovskite/spiro/Au 0.653 1.10 0.50 0.069 0.356 [98] 
FTO/c-TiO2/mp-TiO2/perovskite/PIF8-TAA/Au 0.85 1.15  0.73 0.71 [99] 

MAPbI2Br Ether FTO/c-TiO2/perovskite/spiro/Ag 1.08 15.3 0.65 - 10.7 [49] 
MAPbIBr2 FTO/c-TiO2/perovskite/spiro/Ag 0.985 8.26 0.55 4.46 [49] 
MAPbI3 FTO/c-TiO2/perovskite/spiro/Au 1.13 21.8 0.78 - 18.6 [63] 
(FASnI3)0.6(MAPbI3)0.4 ITO/PEDOT: PSS/perovskite/C60/BCP/Ag 0.795 26.86 0.71 - 15.08 [100] 
(FASnI3)0.6(MAPbI3)0.4 ITO/PEDOT: PSS/perovskite/C60/BCP/Ag 0.853 28.5 0.73 - 17.6 [101] 
Cs0.05(MA0.17FA0.83)0.95Pb(I0.83
Br0.17)3 

FTO/c-TiO2/perovskite/Spiro/Au 1.12 23.2 0.75 - 19.5 [64] 

MAPbI3 EA FTO/NiO/perovskite/PCBM/BCP/Ag 0.78 17.9  - 14.5 [71] 
FTO/SnO2/perovskite/spiro/Au 1.115 21.44 0.75 - 17.83 [102] 
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FA0.85MA0.15 
Pb(I0.85Br0.15)3 

FTO/TiO2/perovskite/spiro/Au 1.123 22.89 0.756 - 19.43 [50] 

(MAPbI3)0.952 
(FAPbIBr2)0.048 

FTO/SnO2/perovskite/spiro/Au 1.113 23.87 0.76 - 20.11 [73] 

K0.03Cs0.05(FA0.85MA0.15)0.92Pb(
I0.85Br0.15)3 

FTO/SnO2/perovskite/spiro/Au 13.56 1.014 0.70 - 17.82 
(10×10 cm2) 

[45] 

(FAPbI3)0.85 (MAPbBr3)0.15 Trifluorotoluene 
(TFT) 

FTO/c-TiO2/mp-TiO2/perovskite/spiro/Ag 1.10 23.3 0.79 - 20.3 [29] 

Cs0.05(FA0.85MA0.15)0.95Pb(I0.85
Br0.15)3 

MB FTO/SnO2/perovskite/spiro/Au 1.22 24.46 0.75 - 22.37 [42] 

Cs0.05(MA0.17FA0.83)Pb(I0.83Br0.

17)3 
Diisopropyl ether FTO/c-TiO2/mp-TiO2/perovskite/spiro/Ag 1.16 23.19 0.79 - 21.26 [103] 

CsPbI2Br EtOH FTO/c-TiO2/perovskite/Carbon 1.15 13.87 0.64 - 10.21 [104] 
CsPbI3 Methyl acetate FTO/TiO2/perovskite/PTAA/Au 1.11 18.31 0.78 3.94 15.91 [105] 
CsPbI2Br IPA ITO/c-TiO2/perovskiter/spiro/Au 1.23 16.79 0.78 12.65 16.07 [106] 
CsPbIBr2 FTO/ZnO/perovskite/Carbon 1.03 11.6 0.63 - 7.6 [85] 
(FASnI3)0.6(MAPbI3)0.4 Anisole FTO/PEDOT:PSS/perovskite/PCBM/Ag 0.73 26.46 0.72 - 13.97 [107] 
[CsPbI3]0.05[(FAPbI3)0.85(MAP
bBr3)0.15]0.95 

FTO/c-TiO2/mp-TiO2/perovskite/spiro/Au 1.15 21.98 0.783 - 19.76 [82] 

Cs0.05(MA0.17FA0.83)0.95Pb(I0.83
Br0.17)3 

FTO/c-TiO2/mp-TiO2/perovskite/spiro/Ag 1.12 23.26 0.76 - 19.9 [81] 

MAPbI3 Iodobenzene ITO/PEDOT: PSS/perovskite/PCBM/Ag 0.919 21.66 0.69 - 13.67 [31] 
ITO/PEDOT: PSS/perovskite/C60-BCP/Ag 0.92 21.4 0.76 - 14.89 [30] 

Binary antisolvent 

MAPbI3 Ether/n-hexane FTO/mp-TiO2/perovskite/spiro/Ag 1.091 22.06 0.71 15.74 (Ether); 
15.89 (n-hexane);  
13.1(Chloroform) 

17.08 [89] 
Chloroform/n-
hexane 

1.077 22.62 0.65 16.77 

MAPbI3− xClx CB/EtOH FTO/c-TiO2/perovskite/spiro/Au 0.91 24.3 0.62 - 14 [87] 
MAPbI3 ACN/CB FTO/SnO2/perovskite/spiro/Ag 1.13 22.3 0.75 16.2 (CB) 18.9 [108] 
MAPbI3 EA/CB (additive: 

PC61BM) 
FTO/TiO2/perovskite/spiro/Ag 1.01 23 0.692 14.1 (CB) 16.1 [109] 

(FAPbI3)0.85 (MAPbBr3)0.15 ACN/CB FTO/c-TiO2/mp-TiO2/perovskite/spiro/Au 1.08 23.6 0.789 17.5 (CB) 20.1 [12] 
Cs0.05(FA0.85MA0.15)0.95 
Pb(I0.85Br0.15)3 

EA/n-hexane 
 

ITO/SnO2/perovskite/spiro/Au 1.15 23.42 0.74 16.76 (EA) 20.06 [110] 

MAPbI3 SBA/CB ITO/PEDOT: PSS/perovskite/PCBM/Bphen/Ag 0.976 21.25 0.793 15.06 (SBA); 
14.69 (CB); 
14.81 (ether) 

16.47 [88] 

SBA/ether 0.958 21.46 0.789 16.24 



29 

 

MAPbI3 Tol/ 
Dichlorobenzene 

FTO/c-TiO2/mp-TiO2/perovskite/spiro/Ag 1.05 23.07 0.737 16.39 (Tol) 18.01 [39] 

Tol/CB 1.04 22.46 0.728 17.06 
Tol /Chloroform 1.06 21.4 0.657 15.1 
Tol/ether 1.06 22.93 0.711 17.36 

MAPbI3 EA /petroleum 
ether 

FTO/c-TiO2/perovskite/spiro/Ag 1.095 21.56 0.688 14.29 (EA); 
8.11 
(petroleum ether) 

17.19 [79] 

Cs0.4(MA0.17FA0.83)0.96Pb 
(I0.83Br0.17)3 

EA 
/n-hexane 

ITO/NiO/perovskite/PCBM/ZnO/Ag 1.06 22.92 0.70 - 17.3 [111] 

Ternary antisolvents 
MAPbI3 SBA/CB/ether ITO/PEDOT: PSS/perovskite/PCBM/Bphen/Ag 0.957 21.97 0.78 15.06 (SBA); 

14.69 (CB); 
14.81 (ether) 

16.5 [88] 

FTO: fluorine doped tin oxide, ITO: indium doped tin oxide, c-TiO2: compact TiO2, mp-TiO2: mesoporous TiO2, spiro: spiro-MeOTAD, BCP: bathocuproine, PCBM: [6,6]- 

phenyl-C61-butyric acid methyl ester, BCP: 2,9-Dimethyl-4,7-diphenyl-1,10-phenanthroline, PTAA: poly[bis(4-phenyl)(2,4,6-trimethylphenyl) amine], CuPc: copper (II) 

phthalocyanine, Bphen: 7-diphenyl-1,10-phenanthroline, PIF8-TAA: Poly-indenofluoren-8-triarylamine, PDBD-T: poly[(2,6-(4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)-

benzo[1,2-b:4,5-b’]dithiophene))-alt-(5,5-(1’,3’-di-2-thienyl-5’,7’-bis(2-ethylhexyl)benzo[1’,2’-c:4’,5’-c’]dithiophene-4,8-dione))], PEDOT:PSS: poly(3,4- 

ethylenedioxythiophene)-poly(styrenesulfonate). 
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2.7. Antisolvent treatment window  

2.7.1. Different antisolvents act on the same perovskite 

The window of antisolvent here refers to the dripping time of antisolvent. Taking 

MAPbI3 perovskite as an example, Xiao et al. found that the window for preparing 

MAPbI3 perovskite by CB is less than 4 s [27]. Fig. 6(a) shows the SEM images of 

perovskite obtained by dripping CB at 2, 4 and 8 s respectively. Although the time 

interval is not long, the morphology of the films changes greatly. While, the window of 

preparing MAPbI3 Perovskite with n-hexane and ether is 4–8 s and less than 5 s, 

respectively [112,113]. Therefore, for MAPbI3, the window is different when using 

various antisolvent (CB, n-hexane and ether). This phenomenon also exists in FAMACs 

perovskite films. Zhao et al. [52] have studied the window of preparation of FAMACs 

perovskite with different antisolvent. Fig. 6(b) shows the variation of normalized PCE 

of FAMACs PSCs prepared by dripping CB and anisole at different times. It can be 

seen that anisole has a wider antisolvent window (about 20 s), while the window of CB 

is about 15 s. At the same time, the window for preparing FAMACs PCE by Tol and 

ether is about 5 s and 10 s, respectively, which can be seen from Fig. 5(a and c). Overall, 

for the same perovskite, the antisolvent window is different when adding different 

antisolvent. 
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Fig. 6. (a) The SEM images of MAPbI3 films prepared by dripping CB at (i) 2 s; (ii) 4 

s; (iii) 8 s after the start of spin coating [27]. Copyright 2014, Wiley-VCH. (b) 

Antisolvent window for preparation of FAMACs perovskite from anisole and 

chlorobenzene (CB) [52]. Copyright 2018, Wiley-VCH. (c) When DMF, DMSO-DMF 

and NMP-DMF are used as solvents, the absorbance (i) of MAPbI3 perovskite films 

varies with different delay time and the effect of different processing time on PCE (ii). 

Here, the “processing delay time” refers to the time from the completion of the blade 

coating of the precursor to the immersion in the antisolvent bathing [114]. Copyright 

2017, Springer Nature.  

2.7.2. The same antisolvent acts on different perovskites 

For CB antisolvent, the window of MAPbI3 perovskite film is narrow (about 4 s) 

[27], while that of FAMACs perovskite is about 15 s [52]. Similarly, the window of 

preparing MAPbBr3 by Tol is about 20 s [32], while that of FAMACs is only 10 s [52]. 

Therefore, for different perovskites, although the antisolvent used is the same, the 
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antisolvent window is also distinct. 

2.7.3. Strategies of broadening the dripping window of antisolvent 

The wide antisolvent dripping window can increase for the repeatability of 

perovskite thin films fabrication. Therefore, broadening the window of antisolvent is of 

importance.   

2.7.3.1. Choice of solvent 

Firstly, in the preparation of perovskite, the choice of solvent determines the 

drying window of perovskite film, which has an important influence on the antisolvent 

window. The drying window of the film determines the window of antisolvent, because 

antisolvent must be dripped in the wet perovskite film and the evaporation rate of 

solvent affects the drying window of perovskite film [114]. DMF has a high vapor 

pressure, so that its rapid evaporation in the spin coating leads to a short drying window 

for perovskite thin films. However, other solvents, such as DMSO and NMP, have lower 

vapor pressure and are difficult to evaporate, thus greatly prolonging the drying window. 

Next, choice of solvent affects the amount of the solvent-precursor complexes, which 

can also control the antisolvent window. For example, the interaction between DMF 

and the perovskite precursor is too weak to form a stable DMF-precursor complexes 

[115], while other solvents like DMSO or NMP can [8] (see Section 3 for details). 

Therefore, considering the above two aspects, DMF is usually not used alone, but mixed 

with other solvents (such as DMSO, NMP) in order to widen the antisolvent window 

[116]. Fig. 6(c) shows the effects of DMF, DMF-DMSO and DMF-NMP on the 

antisolvent window of MAPbI3 PSCs. When DMF is used as a solvent, the antisolvent 
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window is less than 1 min (panel i of Fig. 6c) because of its faster evaporation rate and 

unstable intermediates. When using DMSO or NMP mixed with DMF, the antisolvent 

window is widened to 2 min and 8 min (panel ii of Fig. 6c), respectively, because both 

DMSO and NMP have a smaller evaporation rate, and the intermediates they produce 

with the perovskite precursor are more stable. Wakamiya and coworkers used DMSO 

instead of DMF/DMSO mixed solvent to further expand the drying window of MAPbI3 

perovskite precursor wet film [117]. Then MAPbI3·DMF was dissolved in DMSO. In 

this case, the solubility is increased (compared to the equivalent amounts of MAI and 

PbI2 starting materials). The low volatility solvent (pure DMSO) greatly extends the 

drying window of the film, thereby broadening the window of antisolvent (Tol) for 

preparing MAPbI3 PSCs from 5 s to 13 s, which can be seen in Fig. 7(a).  

Fig. 7. (a) Schematic diagrams of the antisolvent window for dissolving MAPbI3·DMF 

complex in a low-volatility solvent (DMSO) and SEM images of MAPbI3 thin films 

prepared by dropping antisolvent in this window range [117]. Copyright 2019, Wiley-

VCH. (b) Schematic diagrams of the process of preparing MAPbBr3 perovskite film 
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with the introduction of Nd3+ additives in the antisolvent method, as well as a schematic 

diagram of the nucleation process and crystal growth [118]. Copyright 2020, Wiley-

VCH. 

2.7.3.2. Introduction of cations/halogens 

The cations and halides in perovskite can also adjust the window of antisolvent. It 

is found that for single cation or single halide perovskite (such as MAPbI3 and 

FAPbBr3), their dripping window is about a few seconds [27,112,113], while mixed 

halide or mixed cation perovskites have a wider dripping window (about a few minutes) 

[129]. As we all know, perovskite will undergo sol-gel state in the process of precursor 

liquid to solid film. The duration of this sol-gel state determines the dripping window 

of the antisolvent. The introduction of cations/halogens into the single-cation/single-

halogen perovskite increases the sol-gel time experienced during the formation of the 

perovskite film, which helps to widen the solvent dripping window [119].  

The window of antisolvent can also be widened by introducing additives, ascribed 

to the promotion the heterogeneous nucleation of perovskite. It can separate crystal 

growth from the nucleation process, and helps to form crystals with higher phase purity 

and fewer defects. In the process of preparing MAPbBr3 film with dichloromethane, 

Dong et al. [118] introduced Nd3+ additives to promote the heterogeneous nucleation 

of perovskite, which can be seen in Fig. 7(b). This work successfully widened the 

window from 3–5 s to 18 s by introducing Nd3+ in precursor. 

2.8. Strategy of further improve morphology by adjusting the temperature of antisolvent 
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Sometimes the antisolvent method seems to be ineffective, i.e., there are still pin 

holes or the film is in-continuous even though optimizing the spin time and quantity. 

This may not suggest the antisolvent’s invalidity. Alternatively, the adjustment of the 

antisolvent temperature may change "invalid" to "validation" again. According to the 

classical nucleation theory, the nucleation rate of perovskite can be expressed by Eq. 

(1) [120,121]:  

,                            (1) 

,                            (2) 

where N, A, kB, and T are the number of nuclei, the pre-exponential factor, the 

Boltzmann constant, and temperature, respectively. ΔGcrit is the critical Gibbs free 

energy of nucleation, which is the energy barrier of nucleation, expressed by Eq. (2). γ 

is a function of the surface energy, VM is molar volume of solute particles, and S 

represents supersaturation of the solution [121]. According to the Eq. (1), the nucleation 

rate of perovskite is inversely proportional to ΔGcrit, while ΔGcrit is related to 

supersaturation and temperature. With other conditions unchanged, ΔGcrit decreases 

with the increase of perovskite’s temperature. The solubility of perovskite decreases 

with the increase of temperature, that is, the supersaturation increases with the increase 

of temperature [122]. When the perovskite is immersed in a hot antisolvent (compared 

to room temperature), the temperature and supersaturation of the perovskite increase. 

According to Eqs. (1) and (2), it can be found that the hot antisolvent bathing can 

÷÷
ø

ö
çç
è

æ D
-=

Tk
GA

dt
dN

B

critexp

2
B

2
M

3

crit )ln(3
16

STk
VG pg

=D



36 

 

promote the nucleation of the perovskite. For example, Liu et al. prepared�

FA0.75MA0.25SnI3 perovskite thin film by hot CB antisolvent bathing (65 °C) [95]. Fig. 

8(a and b) shows the growth diagrams of perovskite crystals immersed in an antisolvent 

bathing at room temperature and 65 °C, respectively. The perovskite film prepared at 

room temperature is not completely covered due to the lower nucleation density, and 

there are pinholes on the surface (Fig. 8c), While a hot antisolvent bathing increased 

the nucleation density of the perovskite and promoting full coverage of the perovskite 

film (Fig. 8d). When the perovskite is immersed in a cold antisolvent (compared to 

room temperature), the supersaturation of the perovskite also decreases due to the 

decrease in temperature, which inhibits the nucleation of the perovskite. Jang et al. 

immersed the MAPbI3 perovskite precursor film in 0 °C antisolvent bathing to reduce 

the temperature of the perovskite. By reducing the temperature of perovskite, the 

nucleation of perovskite was inhibited and it promoted a preferential crystal orientation, 

which can be seen from the X-ray diffraction spectra (Fig. 8e) [46]. In short, when using 

an antisolvent bathing, you can adjust the nucleation rate of the perovskite or optimize 

the crystal orientation of the perovskite by changing the temperature of the antisolvent.  

In another case, when the antisolvent is added into the perovskite by dripping 

instead of soaking, the effect of the antisolvent temperature adjustment on the 

nucleation of the perovskite may be different from that of the soaking. For example, 

Ren et al. prepared (FAPbI3)0.85(MAPbBr3)0.15 perovskite by dripping antisolvent (ether) 

with different temperatures. It found that with the decrease of temperature, the 

nucleation density of perovskite increased, which lead to uniform and compact film 
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[123].  

 

Fig. 8. Growth diagrams of FA0.75MA0.25SnI3 thin films prepared by (a) room 

temperature antisolvent and (b) thermal antisolvent (Ph-Cl) [95]. Here, Ph-Cl is 

chlorobenzene (CB); (c, d) the corresponding SEM images of perovskite films [95]; 

Copyright 2018, Wiley-VCH. (e) XRD spectra of MAPbI3 films prepared by 0 °C 

antisolvent bathing and ambient temperature antisolvent bathing [46]. Copyright 2019, 

Wiley-VCH.  

2.9. The role of additives in antisolvent process 

In order to improve the performance of PSCs, the antisolvent method is usually 

combined with additives. There are usually two ways to add additives, one is to add 

additives in the precursor of perovskite and the other is to add additives in the 

antisolvent. Table 4 shows the recent advances of additives added in different ways on 
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PSCs.  

Table 4. Additives added to perovskite precursor or antisolvent. 

Additive Antisolvent Perovskite 

PCE 
without 
additive 
(%) 

PCE 
with 
additive 
(%) 

Function Ref. 

Added to perovskite precursor 
MACl EA MAPbI3 13.97 17.22 Inhibition of too 

fast crystallization 
rate of antisolvent 
method 

[124] 

Meth-ylammonium 
formate (MAF) 

CB MAPbI3 19.1 19.5 Controlling the 
distribution of 
grain size 

[125] 

CH3NH2 
(MA)/EtOH 

Ether MAPbI3 18.09 20.02 Passivate film 
defects 

[126] 

IT-4F CB MAPbI3 16.78% 18.3% Defect passivation [127] 
PC70BM CB MAPbI3 13.08 15.5 Minimizing grain 

boundaries (GBs) 
and reducing 
recombination 

[67] 

NdBr3·6H2O Dichloromet
hane 

MAPbBr3 - - Ultrawide 
processing 
window 

[118] 

Lanthanide ions 
(Ln3+= Sm3+, Tb3+, 
Ho3+, Er3+, and 
Yb3+) 

IPA CsPbBr3 6.99 10.14 
(Sm3+) 

Inhibition of 
charge 
recombination in 
thin films 

[128] 

HI IPA CsPbI3 - 4.13 Phase stability [129] 
Sulfobetaine 
Zwitterions 

Tol CsPbI3 - 11.4 Phase stability [54] 

FACl+ADAHCl (1-
adamantylamine 
hydrochloride) 

CB FAMACs 19.43 21.2 Inhibition of too 
fast crystallization 
rate of antisolvent 
method 

[130] 

Sn metal EA MA0.3FA0.7Pb0.5S
n0.5I3 

- 21.1 Inhibition of Sn2+ 

oxidation 
[74] 

Ascorbic acid Tol MA0.5FA0.5Pb0.5S
n0.5I3 

- 14.01 Inhibition of Sn2+ 

oxidation 
[56] 

SnF2 - 12.18 
NH4SCN Tol PEA0.15FA0.85SnI3 - 12.4 Defect passivation [131] 
SnF2 Ether FASnI3 0.66 6.22 Inhibition of Sn2+ 

oxidation 
[132] 

N2H5Br Tol FASnI3 5.6 7.81 Inhibition of Sn2+ 
oxidation 

[133] 

HCl IPA Cs3Sb2I9 0.43 1.21 Stabilize layered 
phases of Cs3Sb2I9 

[83] 

Added to antisolvent 

hexaazatrinaphthyle
ne (HATNA) 

Ether MAPbI3 7.2 8.66 Passivation 
electron trap 

[134] 

Bisthiadiazole-fused 
tetraazapentacenequ
inone (DCL97) 

CB 8.4 

DMSO CB MAPbI3 13.79 16.76 Controlling the 
crystallization of 
perovskite 

[135] 

I2 CB MAPbI3 18.22 21.33 Inhibition of 
perovskite 
decomposition 

[65] 

p-type polymer with CB MAPbI3 17.7 18.7 Surface [136] 
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molecular 
fluorination (PF-1) 

passivation and 
morphology 
modification 

C60 Tol MAPbI3 17.5 19.8 Passivation film 
defects and 
prevent PbI2 
migration 

[137] 

HI CB MAPbI3 15.65 17.32 Inhibition of 
perovskite 
decomposition 

[66] 

MAI SBA MAPbI3 15.20 19.29 Passivation of 
excess PbI2 

[138] 

Poly(α-
methylstyrene) 

Ether FASnI3 1.35 2.28 Suppression of 
nonradiative 
recombination 
carrier traps 

[139] 

SnCl2 Ether FA0.5MA0.5Pb0.5S
n0.5I3 

15.75 19.03 Passivation of 
grain boundaries 

[62] 

α-bis-PCBM CB (FAPbI3)0.85(MAP
bBr3)0.15 

18.8 20.8 Reducing defect 
density and 
improving 
stability 

[140] 

MABr EtOH Cs0.15FA0.85PbI3 17.6 21.53 Passivation 
electron trap 

[141] 

Acetic Acid CB Cs0.05FA0.80MA0.15
Pb(I0.85Br0.15)3 

19.1 22 Passivation of 
film defects and 
improvement of 
stability 

[142] 

MABr IPA FAMACs 13.37 15.38 Reducing trap 
density 

[143] 

Phthalocyanine 
nickel 

CB Cs0.05(MA0.17FA0.8

3)0.95Pb(I0.83Br0.17)
3 

17.24 19.18 Improving 
interface contact 
between 
perovskite and 
HTL 

[144] 

PBDB-T CB (CsPbI3)0.04(FAPb
I3)0.82 
(MAPbBr3)0.14 

17.28 19.85 Passivation of 
defects and 
improvement of 
stability 

[145] 

Triphenylamine 
(TPA) 

CB FAMACs 17.78 19.84 Increase the 
stability and 
accelerate the 
crystallization of 
perovskite 

[146] 

2.9.1. Additives added to perovskite precursor  

The additives added to the perovskite precursor must be soluble in DMF and other 

perovskite dissolving solvents. If they are insoluble in precursor solvent, the additives 

should be considered to be added into the antisolvent (where it should also be soluble) 

[134]. When additives are added to perovskite precursor, the aim is to stabilize the 

crystal structure [54,129], improve the uniformity of the film, and solve the problem of 

too fast crystallization of perovskite prepared by antisolvent method [124,130]. As we 
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all know, CsPbI3 perovskite has the problem of phase instability, which will rapidly 

change into non-optically-active δ-phase in ambient air. In order to enhance the phase 

stability of CsPbI3, additives, such as HI [129] and sulfobetaine zwitterion [54], are 

usually added to the perovskite precursor to achieve the goal. Chlorine ion additives are 

also used in antisolvent, which will be described in Section 4. Seo et al. used ionic 

liquid (methyl formate) as an additive in MAPbI3 perovskite precursor, and the results 

show that the additive can delay the crystal growth and help to form dense perovskite 

films with larger grain size. The final PCE reaches 19.5% [125].  

There is an inherent problem in tin-based perovskite, that is, Sn2+ is easy to be 

oxidized to Sn4+, which will increase the defect density in the film and decrease the 

device performance. Additives (such as Sn metal [74] and SnF2 [56]) are usually 

introduced into perovskite precursor to inhibit the oxidation. For example, Liao et al. 

added SnF2 to the perovskite precursor to inhibit the oxidation of Sn2+ when preparing 

FASnI3 perovskite thin films with ether as the antisolvent. Not only the stability of the 

devices is improved, but also the efficiency of FASnI3 PSCs is increased to 6.22% [132]. 

Xu et al. compared the effect of SnF2 and ascorbic acid on inhibiting Sn2+ oxidation. 

They found that ascorbic acid can much effectively inhibit the oxidation of Sn2+ and 

regulate the crystallization of perovskite. The PCE (14.01%) of MA0.5FA0.5Pb0.5Sn0.5I3 

PSC is higher than that of PSC prepared by SnF2 (12.08%) [56]. Lin et al. inhibited the 

oxidation of Sn2+ by adding Sn powder into MA0.3FA0.7Pb0.5Sn0.5I3 precursor, and the 

residual tin powder was removed by filtration. This method greatly reduces Sn vacancy 

and improves PCE greatly. The PCE of single junction PSC was up to 21.1% [74].  



41 

 

2.9.2. Additives added to antisolvent  

When additives, such as I2 [65], TPA [146] and conjugated polymer [136], are 

added to the antisolvent, they are generally used to control the nucleation and crystal 

growth of perovskite, improve the crystallinity and stability of perovskite, and reduce 

the defects in the film. For example, hexaazatrinaphthylene (HATNA) and 

bisthiadiazole-fused tetraazapentacenequinone (DCL97) were added to ether and CB 

respectively to synthesize MAPbI3 perovskite thin films. It was found that the main role 

of the additives is to passivate the grain boundaries (GBs)�and inhibit non-radiative 

recombination [134]. Han et al. added a small amount of DMSO solvent into CB. It is 

used to dissolve and recrystallize MAPbI3 perovskite thin films. This method can 

reduce the GBs and trap states, and improve the crystallinity of the films. PCE was 

increased from 13.79% to 16.76% [135]. Take another example, Han et al. [143] found 

that during the annealing process, organic cationic components, such as MABr and FAI, 

could evaporate from the FAMACs perovskite film to form a defect state, especially on 

the surface of the film. A layer of MABr was spin-coated on the surface of the 

perovskite to compensate for the loss of organic cations and halogens, so as to reduce 

defects. Later, researchers discovered that the introduction of iodide ion additives (such 

as HI and I2) in the antisolvent can stabilize organic cations and enhance the stability 

of the perovskite [65,66]. As mentioned above, tin ion additives (such as SnF2) are 

added to the perovskite precursor to inhibit the oxidation of Sn2+, while added to 

antisolvent, its role is to passivate GBs and extend the carrier lifetime [62].  

3. Lewis acid-base adduct approach to fabricate perovskites 
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3.1. Lewis acid-base reaction 

The existence of various defects (such as surface defects and GBs defects) in the 

structure of PSCs will lead to a large number of carrier non-radiative recombination, as 

well as hysteresis, which limit the PCE of PSCs. The uncontrollable crystallization in 

the preparation process also limits the improvement of PCE due to the unfavourable 

morphology of perovskite thin films and the generation of defects [147,148]. Lewis 

acid-base addition method can effectively control crystallization and passivate defect, 

and hence to prepare high-efficiency PSCs. A Lewis acid is a chemical species that 

contains an empty orbital which is capable of accepting an electron pair from a 

Lewis base to form a Lewis adduct [149,150]. A Lewis base, then, is any species that 

has a filled orbital containing an electron pair which is not involved in bonding but may 

form a dative bond with a Lewis acid to form a Lewis adduct. It is represented as 

follows:  

 

The coordination ability of Lewis base with Lewis acid can be measured by Lewis 

basicity, which is quantified by the value of Gutmann’s donor number (DN) [151]. If 

the Lewis base has high DN, it indicates strong coordination ability with Lewis acid. 

Therefore, the higher the Lewis basicity is, the more stable Lewis base-acid adduct is 

formed [151–153]. On the contrary, the Lewis base with low DN has weak coordination 

ability with�Lewis acid, leading to unstable adduct. Lewis bases can be classified into 

O-donor, N-donor and S-donor according to their functional groups. Fig. 9 shows the 
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structures of commonly used Lewis bases. The formation of Lewis acid-base adducts 

can regulate the crystallization rate of perovskite and passivate defects, which will be 

described in detail in Section 3.3.  

 

Fig. 9. Chemical structures of different Lewis bases commonly used in literature. Note: 

DMA: Dimethylacetamide; DMI: 1,3-dimethyl-2-imidazolidinone; TMU: Tetramethylurea; NMF: 

N-methylformamide; HMP: Hexamethylphosphoramide; HMPA: Hexamethylphosphoramide; 

TPPO: Triphenylphosphine oxide; TMPP: Tetraisopropyl methylenediphosphonate;               

TMS: Tetramethylene sulfoxide; TD-TPAC3M: Triarylamine derivatives-TPAC2M). 

3.2. Different Lewis acid/base 

3.2.1. Precursors and solvent acting as Lewis acid/base 

In perovskite, metal cations (such as Pb2+, Sn2+, Bi3+, Sb3+)�of perovskite have the 

properties of Lewis acid because they have empty orbitals and can accept electron pairs. 

The metal halides corresponding to these metal cations, such as PbX2 (X = I, Br, Cl), 

SnI2 and BiI3 etc., also belong to Lewis acid. In the process of preparing perovskite thin 
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films by solution method, solvents (such as DMF, DMSO, NMP and thiourea) are the 

most common Lewis bases because their structures contain lone pair electrons. For 

example, DMF and DMSO have C=O and S=O bond respectively to provide electrons, 

so it has the characteristics of Lewis base.  

DMF has weak coordination with PbI2 due to its low basicity. It forms one-

dimensional PbI2·DMF structure [154] with PbI2 and this adduct (PbI2·DMF) is 

metastable [115]. When pure DMF is used as solvent, due to the instability of the adduct, 

the crystallization of perovskite cannot be slowed down, resulting in the formation of 

perovskite thin films with pinholes (Fig. 10a). While DMSO has strong coordination 

ability with PbI2 to form a stable PbI2·DMSO complex because of its high basicity. 

When MAI solution was added, the intermolecular exchange occurred between MAI 

and PbI2·DMSO complex, and part of Lewis base solvent was replaced by MAI to form 

MAI·PbI2·DMSO intermediate [159]. Then MAPbI3 films were formed after annealing 

[8,155]. The quality of the perovskite film is related to the amount of adduct because 

too many or too few adduct will result in uneven film or pinholes [155,156]. Therefore, 

the mixed solvent (diluting solvents with high Lewis basicity, such as DMSO, by DMF) 

is usually used to get the appropriate amount of intermediate to form uniform and dense 

perovskite films. Fig. 10(a) shows homogeneous and dense perovskite films prepared 

by mixed solvents (DMF/DMSO). Table 5 lists photovoltaic performance of PSCs 

prepared using precursors and solvent acting as Lewis acid/base.    

Table 5. Photovoltaic performance of PSCs prepared using precursors and solvent 

acting as Lewis acid/base. 



45 

 

Perovskite Solvent Device structure Voc (V) Jsc 
(mA/cm2) FF PCE 

(%) Ref. 

MAPbI3 DMF+DMSO FTO/c-TiO2/mp-
TiO2/perovskite/spiro/Ag 

1.08 23.83 0.76 19.7 [24] 

MAPbI3 DMF FTO/c-TiO2/mp-TiO2/ 
perovskite/spiro/Au 

0.96 19.1 0.72 13.3 [152] 

DMF+10%NMP 1.02 22.6 0.76 17.5 
MAPbI3 DMF+DMA FTO/c-TiO2/mp-TiO2/ 

perovskite/spiro/Au 
1.02 16.05 0.7 16.05 [157] 

FAPbI3 DMF+DMSO+ 
thiourea 

FTO/c-TiO2/mp-
TiO2/perovskite/spiro/Au 

0.95 21.9 0.66 13.6 [155] 

FAPbI3 DMF+NMP ITO/SnO2/perovskite/ 
spiro/Ag 

1.09 23.98 0.77 20.19 [26] 

MAPbI3 DMF+TMS FTO/c-TiO2/mp-
TiO2/perovskite/spiro/Au 

1.02 21.5 0.74 16.2 [158] 

MA0.05Cs0.12FA0

.83Pb(I0.6Br0.4)3 
DMF+DMSO ITO/SnO2/perovskite/spir

o/Au 
1.04 16.17 0.55 9.29 [159] 

DMF+NMP 1.10 20.52 0.61 13.89 
(FAPbI3)0.875 
(CsPbBr3)0.125 

DMF+HMPA FTO/SnO2/perovskite/spir
o/Au 

1.12 22.90 0.76 19.58 [160] 
DMF+DMSO 1.11 20.97 0.74 17.37 
DMF 1.02 21.49 0.63 13.84 

FA0.85MA0.15Pb 
(I0.85Br0.15) 3 

DMF+DMSO FTO/c-TiO2/mp-
TiO2/perovskite/PTAA-
LAD/Au 

1.12 23.06 0.79 20.32 [161] 

Cs3Bi2I9 DMF+thiourea FTO/c-TiO2/mp-
TiO2/perovskite/sprio/Au 

0.62 4.61 0.59 1.69 [162] 
DMF 0.64 2.41 0.58 0.88 

Dimer-Cs3Sb2I9 DMF+DMSO+ 
thiourea 

ITO/PEDOT: 
PSS/perovskite/PCBM/Al 

0.83 3.62 0.54 1.59 [163] 

3.2.2. Lewis acid/base additives except for the precursors and solvent  

Lewis acid/base can be introduced into PSCs as additives in addition to precursor 

and Lewis basic solvent. The molecules containing Lewis acid/basic functional groups 

can play the role of Lewis acid/base and form complexes with defects like 

uncoordinated Pb2+/X− in perovskite films, thus passivating defects [164]. Lewis acid 

additives are usually used to passivate negative ion defects such as uncoordinated 

halogen anions and Pb-I antistites, while Lewis base additives can passivate defects by 

coordination with uncoordinated Pb2+/interstitial Pb2+ due to their non-volatile 

properties. Lewis acid/base additives can be added into the precursor or antisolvent to 

participate in the crystallization process of the perovskite by forming adduct with 

solvent or precursors. On the other hand, Lewis acid/base additives can also treat the 

surface of perovskite film, become an intermediate layer between the perovskite 

layer/HTL or the perovskite layer/ETL interfaces. In this case, they will not participate 
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in the crystallization process of the perovskite, but interact with defects so as to improve 

the photovoltaic properties of PSCs. Table 6 shows photovoltaic performance of PSCs 

prepared using Lewis acid/base additives.  

Table 6. Photovoltaic performance of PSCs prepared using Lewis acid/base additives 

except for the precursors and solvent. 

Perovskite Solvent Lewis acid/base 
additives  Device structure Voc 

(V) 
Jsc (mA/ 
cm2) FF PCE 

(%) Ref. 

MAPbI3 DMF Iodopentafluorobenzene
-IPFB (Perovskite film 
is immersed in IPFB) 

FTO/c-TiO2/mp-
Al2O3/perovskite/sprio/
Ag 

1.06 23.38 0.67 15.7 [165] 

MAPbI3 DMF Pyridine 
(spin coated on the 
surface of perovskite) 

FTO/c-TiO2/ 
perovskite/sprio/Ag 

1.05 24.1 0.72 16.5 [166] 

Thiophene (spin coated 
on the surface of 
perovskite) 

1.02 21.3 0.68 15.3 

MAPbI3 DMF a conjugated Lewis 
base-IDIC 

ITO/PTAA/perovskite/ 
IDIC/C60/BCP/Cu 

1.11 22.96 - 19.5 [167] 

MAPbI3 DMF+ 
DMSO 

Urea 
 (added into precursor) 

ITO/SnO2/perovskite/sp
iro/Ag 

1.09 21.68 0.78 18.55 [168] 

(CsPbI3)0.04(FA
PbI3)0.82(MAPb
Br3)0.14 

DMF+ 
DMSO 

p-type-conjugated 
polymer 
 (PBDB-T) 

ITO/SnO2/perovskite/sp
iro/Au 

1.11 22.39 0.78 19.38 [145] 

Cs0.05FA0.8MA0.

15Pb(I0.83Br0.17)3 
DMF+ 
DMSO 

triphenylphosphine 
oxide-TPPO (dripped on 
the surface of the 
perovskite film) 

ITO/SnO2/perovskite/sp
iro/Au 

1.14 23.37 0.72 19.10 [169] 

DMF+ 
DMSO 

tetraisopropyl 
Methylenediphosphonat
e-TMPP (dripped on the 
surface of the perovskite 
film) 

1.13 23.58 0.72 19.13 

DMF+ 
DMSO 

tris(pentafluorophenyl)p
hosphine-TPFP) 
(dripped on the surface 
of the perovskite film) 

1.16 23.97 0.76 21.04 

3.2.3. Introduction of Lewis acid/base by solvent annealing 

The perovskite films can be treated with the vapor of Lewis basic solvent. Sun et 

al. [170] treated PbI2 wet film using tBP steam. After annealing to remove the PbI2-tBP 

adduct, a porous PbI2 film is obtained, which accelerated the reaction between PbI2 and 

MAI, avoiding the problem of incomplete precursor reaction. By this way, a smooth, 

uniform and dense perovskite film was obtained. 
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3.3. The role of Lewis acid/base  

3.3.1. Controlling the crystallization rate of perovskite 

One of the most extensive functions of the Lewis acid-base reaction is to control 

the crystallization rate of the perovskite. The adduct can not only regulate the 

crystallization of perovskite crystal, but also increase the nucleation rate of perovskite 

during annealing, which is conducive to the formation of dense films [155]. For 

MAPbI3, mixed solvents of DMF and DMSO have been widely used to adjust the 

amount of MAI-PbI2-DMSO adducts, which can help to form high-quality perovskite 

films. In addition to DMSO, other solvents (such as NMP [152], DMA [157] and TMS 

[158]) can also be mixed with DMF to adjust the crystallization rate of MAPbI3 

perovskite. 

When FAPbI3 perovskite is prepared by Lewis acid-base reaction, solvent (such as 

thiourea, NMP and HMPA) rather than DMSO should be mixed with DMF 

[26,155,160]. This is mainly due to the unstable DMSO·PbI2·FAI adduct formed by 

Lewis acid-base reaction, resulting in poor uniformity and poor repeatability of FAPbI3 

thin films. Fig. 10(b) shows the FTIR spectra of solvent-PbI2 and solvent-PbI2-FAI 

adducts prepared by DMSO and thiourea, respectively. After adding FAI, the peak 

position (indicated by arrows) of DMSO-PbI2-FAI does not move compared with that 

of DMSO-PbI2 complex, indicating the weak interaction between FAI and DMSO-PbI2. 

While the peak position of thiourea-PbI2-FAI has a significant shift compared with the 

thiourea-PbI2 complex, it indicates that there is a clear interaction between FAI and 

thiourea-PbI2 [155]. FA+ is a softer Lewis acid compared with MA+, while solvents 
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such as thiourea, NMP and HMPA is a softer base compared with DMSO. According 

to the principle that soft acid preferentially interacts with soft base, FA+ preferentially 

interacts with these solvents instead of DMSO [26].  

For lead-free perovskites (such as MASnI3 [171], Cs3Bi2I9 [97,99,162] and 

Cs3Sb2I9 [163]), the reaction between their precursors is much faster than that of lead-

based perovskites, which results in uncontrollable film morphology. The Lewis acid-

base reaction between the Lewis base and the precursor can be used to slow down the 

crystallization rate. For example, DMSO (Lewis base) interacts with SnI2 (Lewis acid) 

to form SnI2-3DMSO adduct (Fig. 10c) [172], which adjusts the crystallization rate of 

MASnI3 perovskite and is conducive to the preparation of highly uniform pinhole free 

perovskite films [173]. Take another example, Lewis base solvents (such as DMSO, 

NMP and thiourea) can interact with BiI3 [97,99,162] or SbI3 [163] to slow down the 

crystallization and promote preferred orientation growth of the Cs3Bi2I9 and Cs3Sb2I9 

perovskite. In view of the fact that most of the solvents used in the preparation of other 

lead free perovskites (such as Cs2AgBiBr6 and Cs2SnI6) are hydrobromic acid [174] or 

IPA [175,176], which do not have the characteristics of Lewis base, Lewis acid-base 

reaction has not been widely used in these lead-free perovskites. 
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Fig. 10. (a) Schemes of preparing MAPbI3 perovskite with and without DMSO, and the 

corresponding SEM images [155]. (b) FTIR spectra of the precursor-solvent adduct 

formed by Lewis acid-base reaction for preparing FAPbI3 [155]. Copyright 2016, 

American Chemical Society. (c) Schematic diagrams of the formation of MASnI3 

perovskite (via SnI2-3DMSO intermediate phase) [173]. Copyright 2015, American 

Chemical Society. 

3.3.2. Passivation of defects 

 Lewis acid/base additives can be added to the preparation process of devices in 

different ways to coordinate with these defects. Directly, it can be added into the 

precursor or antisolvent during the process of preparing perovskite. Lee et al. added a 

non-volatile Lewis base additive (urea) into DMF/DMSO mixed solvent to regulate 

grain growth and passivate GBs. The growth of crystals can be delayed and there is a 
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preferential crystal orientation (Fig. 11a), which reduces the density of traps in the film 

and increases the PCE of the PSCs (from 16.8% to 18.55%) [168]. Qin et al. [145] 

introduced P-type π-conjugated polymer [(2,6-(4,8-bis(5-(2-ethylhexyl) thiophen-2-

yl)-benzo[1,2-b:4,5-b’]dithiophene))-alt-(5,5-(1’,3’-di-2-thienyl-5’,7’-bis(2-

ethylhexyl) benzo[1’,2’-c:4’,5’-c’]dithiophene-4,8-dione))] (PBDB-T) as Lewis base 

additive by dissolving it in CB and dropped it onto 

(CsPbI3)0.04(FAPbI3)0.82(MAPbBr3)0.14 perovskite during the spin coating. PBDB-T 

belongs to O-donor Lewis base, and oxygen atoms can form Lewis adduct with Pb2+, 

which fills the GBs, passivates the traps at the crystal boundary, and improves the 

electron/hole transport. Therefore, the device performance was improved by Lewis base 

additive (i.e., PBDB-T), along with the beneficial role of antisolvent.  

Lewis acid/base additives can also be used to treat the surface of perovskite and 

become an intermediate layer between the perovskite layer/HTL or the perovskite 

layer/ETL. Yang et al. [169] used molecules containing phosphorous Lewis acid/base 

functional groups such as triphenylphosphine oxide (TPPO), tetraisopropylmethyl 

diphosphonic acid (TMPP) and tris(pentafluorophenyl) phosphine (TPFP) to treat 

perovskite. TPPO and TMPP belong to the O-donor Lewis base, and TPFP belongs to 

the Lewis acid. These three different passivators interact with different surface defects. 

Among these three Lewis acids/bases, TPFP-treated PSCs showed the optimical PCE 

(22.02%), indicating that there are more halide defects than Pb2+ related defects in PSCs. 

It also found that the passivation effects of different Lewis acids/bases can be used to 

distinguish the types of defects in perovskites, which provides guidance for selecting 
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appropriate Lewis acid/base additives. Noel et al. [166] spin-coated a layer of pyridine 

or thiophene on the top of the MAPbI1−xClx perovskite layer. In this case, pyridine or 

thiophene does not participate in the formation of perovskite, and is completely used to 

passivate defects. The Lewis base functional groups in pyridine and thiophene interact 

with uncoordinated Pb2+, which passivates the defect sites and greatly reduces the 

nonradiative recombination rate in perovskite films. Lin et al. [167] introduced π-

Conjugated Lewis base IDIC (indacenodithiophene end-capped with 1.1-

dicyanomethylene-3-indanone) between the MAPbI3 perovskite layer and the ETL. 

Due to π-Conjugated Lewis base’s n-type semiconductor characteristics, it can 

effectively extract electrons and passivate Lewis acid traps (such as uncoordinated 

Pb2+), and ultimately increase the PCE of PSCs by 45% (Fig. 11b). Overall, the 

passivation of defects by the adduct inhibits the non-radiative recombination and 

hysteresis, meanwhile it greatly improves the PCE and environmental stability of PSCs. 

 

 

Fig. 11. (a) XRD spectra of perovskite film treated with or without urea and urea 

powder [168]. Copyright 2017, Elsevier. (b) J-V curves of PSCs with or without IDIC 

passivation layer [167]. Copyright 2017, Wiley-VCH. 
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4. Additive engineering 

4.1. Cl-corporation additive  

As we all know, additive engineering has made important contributions to the 

preparation of high-performance PSCs, especially chloride ion additives. It is found 

that chloride ions can control the nucleation of perovskite [177], increase the grain size 

[178] and charge transfer in the films [179]. Because the content of chloride in the 

additive is too small to be detected [180], it has little effect on the band gap of perovskite, 

but can significantly improve the quality of perovskite films [1,179,181,182]. Besides, 

density functional theory (DFT) calculation shows that chloride ions have a favorable 

interaction with TiO2, which promotes the extraction of electrons from the device [183]. 

4.1.1. ACl (A= MA+, FA+, NH4+ and other organic cations) 

The chloride additive used firstly was MACl, which has the function of increasing 

the grain size of perovskite, promoting preferential crystal orientation, enhancing 

carrier lifetime, and improving device efficiency [114,178,183]. Qi and his coworkers 

introduced MACl into HPbI3 to obtain HPbI3(Cl) film by spin coating, so as to realize 

Cl doping [184]. After annealing, the HPbI3(Cl) film quickly reacts with CH3NH2 (i.e., 

MA) to form MAPbI3(Cl) perovskite (i.e., gas-solid reaction), as shown in Fig. 12(a). 

Using this technique, they successfully prepared thick MAPbI3(Cl) perovskite films 

(over 1 μm) with excellent opto-electronic properties. The 20% PCE of lab-based 

device and modules with high performance (15.3% PCE with 5×5 cm2) were achieved 

(Fig. 12b) [184]. Cl additive (introduced by precursor) can also be combined with 

antisolvent to prepare MAPbI3 thin films with (110) preferred crystalline orientation 
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[124]. However, there are several deficiencies when MACl is used as an additive mainly 

due to the evaporation of MACl during the annealing process, resulting in Cl loss and 

defects. FACl can replace MACl to avoid the defects caused by the evaporation of 

MACl [185]. In addition, FACl can also be used to solve the problems existing in the 

antisolvent method, such as small grains on the surface of the 

(FAPbI3)0.87(MAPbBr3)0.13 perovskite thin films due to rapid crystallization [130].�

 

Fig. 12. Formation diagrams (a) and J-V curve (b) of MAPbI3 perovskite prepared by 

gas-solid reaction [184]. Copyright 2018, Springer Nature. (c) Effect of different 

annealing treatments (i–iii) on the morphology of FAPbI3 film treated by MACl and 

XRD pattern (iv) of FAPbI3 perovskite thin film (with or without MACl treatment) 

[187]. Copyright 2020, Wiley-VCH. 

Chloride ions additives can also stabilize the black phase of FAPbI3. Three kinds 
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of chloride ion additives (NH4Cl, MACl and FACl) were used to study their effects on 

the stability of black phase FAPbI3 [188]. Among them, high volatile additives (NH4Cl) 

cannot inhibit the formation of yellow δ-FAPbI3, while low volatile additives (MACl 

or FACl) were helpful to form black phase FAPbI3 in spin-coating stage. Moreover, 

MACl was proved to stabilize the intermediate, which can be converted into pure α-

phase FAPbI3 (i.e., black phase) [186]. Based on the improvement of the phase stability 

of FAPbI3 by MACl, the amount of MACl were studied. It was found that the PCE of 

FAPbI3 PSCs can be improved to 24.02% by optimizing the amount of MACl (40 mol%) 

[186]. Liu et al. [187] combined the stepwise annealing process with the addition of 

MACl to stabilize α-phase FAPbI3 perovskite; and meanwhile, the stepwise annealing 

process avoids the appearance of pinholes in the FAPbI3 film due to the rapid 

evaporation of MACl during the annealing process (Fig. 12c). In a word, the phase 

stability of FAPbI3 was greatly improved by adding MACl. Therefore, chloride 

additives have great potential in improving the stability of perovskite phase [189].  
As organic compounds (such as Isatin-Cl), organic dyes contain a large number of 

carbonyls, which is conducive to improve the humidity stability of the device because 

of the hydrophobicity property [190]. In addition, hydrogen bonding and the 

coordination interaction between perovskite and the additives can passivate defects, 

such as halide vacancies and uncoordinated Pb2+. For example, Isatin-Cl additive was 

introduced into perovskite precursor (Fig. 13a) [191] to passivate the defects in the 

interior and surface of the perovskite film (Fig. 13b) [191]. In addition, Isatin-Cl can 

make the Fermi level (EF) closer to the conduction band, which helps to form more n-
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type perovskites and improve the charge transfer. Therefore, Isatin-Cl treatment 

successfully increased the PCE of MAPbI3 PSCs from 18.13% to 20.18% and 

suppressed the hysteresis [191]. 

 

Fig. 13. (a) Processes of preparing MAPbI3 perovskite thin films with Isatin-Cl, 

including the chemical structure of Isatin-Cl and the SEM image of the film (scale bar: 

200 nm) [191]. (b) Schematic diagrams of the coordination and hydrogen bond 

interaction between Isatin-Cl and MAPbI3 [191]. Copyright 2020, Wiley-VCH. 

4.1.2. MCl (M= Li+, K+, Na+, Cs+, Rb+ and other metal ions) 

MCl containing alkali metal, such as lithium (Li), potassium (K), sodium (Na), 

cesium (Cs) and rubidium (Rb), are widely used to improve the performance of PSCs. 

The role of chloride ions has been discussed �n above section, while alkali metal ions 

have an effect on the tolerance factor, which determines the stability of perovskite. The 

tolerance factors of APbI3 perovskite with alkali metal cations or organic cation (MA+ 

and FA+) as A-site is listed in Fig. 14(a) [192]. The appropriate range of tolerance factor 

for stable perovskite structure is 0.8–1. The ionic radius of Li+, Na+, K+ is too small to 
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form stable perovskite. However, they can be used as additives to improve device 

performance. It was found that adding LiCl to MAPbI3 precursor could improve the 

crystallinity of the film and accelerate the transport of electron in the perovskite layer. 

The device efficiency was increased from 10.0% to 14.5% [193]. When the perovskite 

film is prepared by two-step spin-coating method, the alkali metal chloride ion additives 

(NaCl, KCl and LiCl) can be added to the PbI2 precursor to interact with Pb2+ ions, 

which can promote the improvement of the PbI2 film quality (i.e., better crystallinity 

and larger grain size). This could eventually promote the passivation of GBs in the 

perovskite film, which successfully increased the PCE of MAPbI3 PSC from 11.4% to 

15.08% (with 0.75% KCl). Besides, the stability of PSC was also improved [194]. MCl 

can also be introduced into the perovskite film by inserting a buffer layer into the 

interface layer between ETL and perovskite. For example, a KCl layer was inserted at 

the SnO2/MAPbI3−xClx interface enhanced the PCE to 19.44%, where K+ and Cl− 

diffused into the perovskite film through thermal annealing, which passivated defects 

in the perovskite film [195].  

On the other hand, CsCl is proven to improve the long-term stability of FAPbI3 

based perovskites. For example, Li et al. [196] introduced a small amount CsCl into 

PbI2 solution to form MA0.03FA0.97Pb(I0.97Br0.03)3 perovskite, which inhibited the 

nucleation of perovskite and increase the grain size. The PCE of PSCs was up to 22%, 

and the long-term stability of the FA-based PSC was greatly improved (panels i and ii 

of Fig. 14b) [196]. Similar to CsCl, RbCl can also be integrated into perovskite to form 

stable mixed cation perovskite, such as RbCsMAFA-based perovskite) [192]. Although 
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there is no stable black phase of RbPbI3, Rb+ can easily enter the lattice of perovskite 

to stabilize the black phase of FA-based perovskite because its tolerance factor is very 

close to that of stable black phase perovskite.   

Besides, other chloride ion additives are also widely used to improve the 

performance of PSCs. For example, PbCl2 plays a key role in the crystallization process 

of perovskite, which participates in the crystallization process and become the 

heterogeneous nucleation center of perovskite crystallization [2,7,23]. The good crystal 

orientation and charge carrier diffusion of perovskite films are promoted, combined 

with the subsequent annealing process (Cl− is removed in the form of MACl vapor). 

The PCE of MAPbBr3 PSCs was up to 5.4% by introducing PbCl2, and Voc was as high 

as 1.24 V [23]. Ren et al. [197] reported that by adding excessive amount of PbCl2 into 

the perovskite precursor containing MACl, the non-radiation recombination in PSCs 

was significantly inhibited and therefore the Voc loss was minimized (i.e., from 0.116 V 

to 0.165 V). The hysteresis of J-V curve was also suppressed (Fig. 14c). The perovskite 

solar module prepared by this method obtained 17.88% of the PCE (area: 25.49 cm2), 

and had a high fill factor (FF=78.6%) [197]. 



58 

 

 

Fig. 14. (a) Tolerance factor of APbI3 perovskite [192]. Copyright 2016, American 

Association for the Advancement of Science. (b) (i) Long term stability test of 

MA0.03FA0.97Pb(I0.97Br0.03)3 PSCs with or without CsCl additive treatment [196]. (ii) 

Forward and reverse J-V curves of PSCs with or without CsCl additive [196]. Copyright 

2018, Wiley-VCH. (c) J-V curves of (CsPbI3)0.05((FAPbI3)1−x(MAPbBr3)x)0.95 PSCs 

passivated with or without PbCl2 additive (area: 0.188 cm2) [197]. Copyright 2020, 

Elsevier.�

4.2. Organic additives 

4.2.1. Small molecule organic additives 

4.2.1.1. Aromatics structure additives 

In organic additives, different functional groups have different passivation effects. 

For example, benzene ring has the ability of electron donating, which can passivate 
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Lewis acid type defects (i.e., halide defects, Pb2+) [198]. Besides, Carboxyl and amine 

groups passivate charged defects (with positive or negative charges) through 

electrostatic interaction [198]. A passivator, d-4-tert-butylphenylalanine (D4TBP), 

which contains three passivation functional groups (i.e., 4-tert-butylphenyl, amino and 

carboxyl groups) was developed to passivate the perovskite surface and GBs effectively 

in Cs0.05FA0.81MA0.14PbI2.55Br0.45 perovskite. The molecular structure of D4TBP and its 

interaction with defects in perovskite can be seen in Fig. 15(a). It reduced the loss of 

Voc, and the device PCE was up to 21.4% [198].  

 

 

Fig. 15. (a) The molecular structure diagrams of D4TBP and its passivation principle 
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of different defects in perovskite structure [198]. Copyright 2019, American Chemical 

Society. (b) (i) Structure diagrams of two adjacent perovskite grains cross-linked by 4-

ABPACl cross-linker [199]. Copyright 2015, Springer Nature. (ii) Left: Microscopic 

diagrams of halogen bond; right: the interaction mode (passivation and crosslinking) 

between TFDIB and perovskite [200]. Copyright 2020, American Chemical Society. (c) 

Schematic diagrams of the effect of short chain and long chain Alkyl amine ligands 

(AALs) on the growth and crystallization of FAMACs perovskite [201]. Copyright 

2020, Springer Nature. 

4.2.1.2. Alkyl-chain additives 

The alkyl chain additives can not only passivate perovskite defects, but also 

crosslink perovskite crystals through functional groups. For example, Li et al. used 

butylphonic acid 4-ammonium chloride (4-ABPACl) with bi-functional groups 

(−PO(OH)2 and −NH4+) to modify the surface of MAPbI3 perovskite [199]. Phosphate 

group and ammonium ion form hydrogen bond with halide anion in perovskite, which 

can crosslink perovskite crystal and optimize the morphology of perovskite film (panel 

i of Fig. 15b). In addition, there is a strong interaction between the crosslinking additive 

and TiO2, which contributes to the formation of a dense and fully covered perovskite 

film on the ETL. The photovoltaic performance (PCE=16.7%) and water stability of 

PSCs were significantly improved by this additive [199]. For another example, 2-

aminoglycol (2-AET) can be introduced into MAPbI3 perovskite precursor to form 

hydrogen bonds between ammonium groups in 2-AET and MAI. At the same time, 

thiocyanate in 2-AET can coordinate with PbI2. Due to the above two interactions, 
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complexes such as PbI2·2-AET·MAI will be formed, which can greatly improve the 

long-term stability of MAPbI3 PSCs [202]. Trimethylolpropane triacrylate (TMTA) 

additive can also be added into MAPbI3 perovskite precursor to crosslink with 

perovskite through functional groups [203], which inhibits the ion migration at the GBs 

and improve the PCE from 19.08% to 20.22%. In addition to hydrogen bonding and 

coordination with perovskite, additives containing highly polar halogen atoms also 

interact with nucleophilic receptors (such as O and N). Ruiz-Preciado et al. [200] used 

1,2,4,5-tetrafluoro-3,6-diiodobenzene (TFDIB) as additive, in which the highly polar 

fluorine would interact with (FA0.9MA0.1)0.95Cs0.05Pb(I0.93Br0.1)3 perovskite materials 

(i.e., crosslinking). This interaction requires highly polarized halogen atom (X) and 

nucleophilic halogen bond receptor (O, N) (panel ii of Fig. 15b). The cross-linking 

between TFDIB and perovskite is helpful to improve the photovoltaic performance 

(PCE=20.5%) and the device stability.  

The alkyl chains mentioned above are all short chains. Long alkyl chain additives 

also have great potential for improving the photovoltaic performance and stability of 

PSCs. Zheng et al. [201] studied the effects of different lengths of alkyl amine ligands 

(AALs), including n-butylamine (BA), phenylethylamine (PEA), octylamine (OA) and 

oleylamine (OAm), on the quality of Cs0.05(FA0.92MA0.08)0.95Pb(I0.92Br0.08)3 perovskite 

films. The interactions of short chain AAL and long chain AAL with FAMACs 

perovskite are shown in Fig. 15(c). The perovskite with short chain AALs has more 

defects due to the random grain orientation, while the long chain AALs limits the 

inclination of perovskite grains during the growth process to form perovskite films with 



62 

 

(100) preferred orientation, which helps to reduce defects. Besides, the long-chain alkyl 

group shows greater hydrophobicity than short-chain alkyl group. Therefore, the 

addition of long-chain AAL improved photovoltaic performance from 20.5% to 23%, 

accompanied with the enhanced stability.  

4.2.1.3. Non-fullerene electron acceptor 

Non-fullerene electron acceptors, such as 3,9-bis(2-methylene-(3-(1,1-

dicyanomethylene)-indanone))-5,5,11,11-tetrakis(4-hexylphenyl)-dithieno[2,3-

d:2’,3’-d’]-s-indaceno[1,2-b:5,6-b’]dithiophene (ITIC) has caused widespread concern 

in organic solar cells. The utilizaition of non-fullerene electron acceptors in perovskite 

was also explored. It was found that non-fullerene electron acceptor can inhibit the 

influence of precursor aging (i.e., the degradation of precursor with time evolution) on 

device performance. The aging time of precursor solution affects the nucleation rate, 

crystal growth, crystallinity and coverage rate of the films, which determine the quality 

of the perovskite films [204,205]. In addition, the aged precursor will affect long-term 

stability of perovskite films. Qin et al. stabilized the perovskite precursor solution by 

adding an organic non-fullerene fused ring electron acceptor (3,9-bis(2-meth-ylene-(3-

(1,1-dicyanomethylene)-indanone))-5,5,11,11-tetrakis(5-hexylthienyl)-dithieno[2,3-

d:2’,3'-d’]-s-indaceno[1,2-b:5,6-b']dithiophene) (ITIC-Th) to inhibit the degradation of 

the precursor [20]. In addition, ITIC-Th can inhibit the formation of non-optically 

active phase (i.e., yellow phase or δ-phase) in the films prepared by aged precursor 

solution. Singh et al. added small molecule 3,9-bis(2-methylene-(3-(1,1-

dicyanomethylene)-indanone))-5,5,11,11-tetrakis(4-hexylphenyl)-dithieno[2,3-
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d:2’,3’-d’]-s-indaceno[1,2-b:5,6-b’]dithiophene (ITIC) into perovskite precursor and 

prepared bulk heterojunction MAPbI3: ITIC perovskite film by a two-step spin coating 

method. The film with ITIC showed better morphology. The device shows the 

optimized PCE of 17.6%, and the J-V hysteresis can be ignored [206]. 

4.2.2. Organic polymer additives 

� �

Fig. 16. (a) Micro-diagrams of PCL passivation MAPbI3 perovskite [207]. Copyright 

2020, American Chemical Society. (b) Schematic diagrams of formation process of OS-

coated perovskite films [208]. Copyright 2019, American Chemical Society. 

Organic polymer additives can also be used to passivate defects in perovskite. Qin 

et al. [209] introduced Ethyl cellulose (EC) into the perovskite layer to produce a 

perovskite film with large grains and low defect density. There is a hydrogen bond 

between EC and perovskite, which can passivate the charge defects at GBs. In addition, 
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the long chain in EC can be used as the support of perovskite structure, which can 

eliminate the lattice strain caused by annealing. The PCE of PSCs with EC additives 

increased from 17.11% to 19.27%. Zhou et al. [207] introduced Polycaprolactone (PCL) 

into perovskite to passivate GBs, which is due to the coordination between Pb2+ and 

C=O existing in the main chain of PCL. (Fig. 16a). Finally, PCL successfully inhibited 

the migration of ions to the ETL and HTL and improved the photovoltaic performance 

of PSCs from 17.5% to 20.1%.�

4.2.3. Organic additives for hydrolytic polycondensation  

Additives that can hydrolyze and polycondensate tend to form a thin coating layer 

on grains to passivate and stabilize perovskite. Bai et al. [208] introduced tetraethyl 

orthosilicate (TEOS), which will be hydrolyzed and condensed in contact with water, 

into the MAPbI3 perovskite precursor. At the same time a small amount of water was 

introduced to form oligomeric silica (OS) matrix coated with perovskite crystal 

particles. The mechanism process is shown in Fig. 16b. There is −OCH2CH3 group in 

OS, which is a Lewis base and can passivate Pb2+ defect. The OS shell can cover the 

surface of perovskite thin films and the GBs, which reduce the trapped states in the 

films and inhibit the migration of ions. Finally, the introduction of TEOSreduced the 

hysteresis of MAPbI3 PSCs and improved the environmental stability of PSCs, 

accompanied with the improvement of PCE (from 19.1% to 21.5%). 

5. Methods for preparing large-area PSCs 

5.1. Evaporation method 

Besides the solution method, vacuum thermal evaporation method, i.e., dual-
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source [210,211] and multi-source co-evaporation (including three-source [212] and 

four-source [213,214]) could also prepare high-quality perovskite thin films and high-

efficiency PSCs. In a certain vacuum environment, the source materials (i.e., the 

precursors) are heated and evaporated. The vaporized materials get deposited on the 

substrate, and then react to form perovskite. Vacuum thermal evaporation has various 

advantages, such as avoiding the usage of toxic solvent, easy deposition of a film from 

precursor salts with low solubility (such as CsX), precisely controlled film thickness 

and being compatible with large-scale industrial production [210–212,215–217]. The 

photovoltaic parameters of PSCs based on different perovskite materials prepared by 

vacuum deposition are listed in Table 7. 

Table 7. High photovoltaic performance of PSCs prepared by evaporation methods. 

Perovskite Number 
of sources 

Voc 
(V) 

Jsc  
(mA cm-2) 

FF 
 

PCE 
(%) Year Ref. 

MAPbI3 2 1.12 23.3 0.78 20.28 2020 [210] 
FAPbI3 2 1.01 22.1 - 15.8 2017 [218] 
MA0.77Cs0.23PbI3 2 1.10 23.17 0.79 20.13 2017 [219] 
CsSn0.5Ge0.5I3 1 0.63 18.61 0.61 7.11 2019 [220] 
FAPb0.5Sn0.5I3 4 0.72 24.5 0.72 13.98 2019 [213] 
FA0.7Cs0.3Pb(I0.9Br0.1)3 3 - 23.0 0.75 18.2 2020 [212] 
Cs0.5FA0.4MA0.1Pb(I0.83Br0.17)3 4 1.15 17.0 0.82 16 2018 [214] 

 

Single source evaporation usually results in relatively low efficiency (such as 7.73% 

[11] and 9.92% [221] for MAPbI3 PSCs) because of the ease decomposition of MA-

based perovskite. However, for inorganic lead-free perovskite, it may not be a problem. 

For example, CsSn0.5Ge0.5I3 perovskite film was fabricated by single source 

evaporation and the PCE of the corresponding PSC reached 7.11%, which is the record 

efficiency for Sn-Ge perovskite with 50% Sn in molar ratio [220]. Dual source 

evaporation is the most common method in the preparation of perovskite films by 
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evaporation. The schematic diagram of dual-source thermal evaporation to prepare 

MAPbI3 perovskite film is shown in panel i of Fig. 17(a) [210]. The device structure 

and statistical distribution of PCE in MAPbI3 PSCs (which were treated by different 

treatments) are also shown in panels (i) and (ii) of Fig. 17(a). The optimized PCE was 

20.28% (0.16 cm2). Moreover, the potential of prepare large-area PSCs (21 cm2 

modules) with a PCE of 18.13% was demonstrated [210]. This suggests that vacuum 

evaporation can indeed fabricate high efficiency PSCs (over 20% with small area). 

Although PCE of this method is still lower than solution method, the merit of large area 

by evaporation method is clear. For Cs containing halide perovskite, the solubility of 

the precursor CsX in solution method is poor, resulting in poor quality of the 

corresponding perovskite films. Howerer, evaporation method can solve this problem. 

For example, the film of CsCl-PbCl2 mixture can be obtained by dual-source 

evaporation of PbCl2 and CsCl powder [219]. Then, the mixture film reacted with MAI 

layer (a layer of MAI powder with a thickness of about 0.5mm) to obtain MA1−xCsxPbI3 

film. The PCE of the corresponding MA1−xCsxPbI3 PSC was up to 20.13%. It should be 

noted that the dual-evaporation method is also facing certain difficulties, such as the 

need to balance the evaporation rates of the two precursors to deposit a perovskite film 

that meets the stoichiometric ratio. 

Similarly, three-source evaporation and four-source evaporation have also been 

developed. The schematic diagram of fabricating FA0.7Cs0.3Pb(I0.9Br0.1)3 perovskite 

film by three-source thermal evaporation (precursors: PbI2, CsBr and FAI powder) is 

shown in panel (i) of Fig. 17(b) [212]. After adjusting the processing conditions, a stable 
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power output (SPO) of 18.2% was obtained (panel ii of Fig. 17b) [212]. Besides, 

Cs0.5FA0.4MA0.1Pb(I0.83Br0.17)3 could be fabricated by four-source evaporation of used 

MAI, CsBr, FAI, and PbI2 precursors [214]. The corresponding PCE reached 16%. 

Evaporation method is not only suitable for the evaporation of perovskite precursors, 

but also is suitable for the evaporation of additives (powders). For example, 

FAPb0.5Sn0.5I3 film was deposited by four-source evaporation of FAI, SnI2, SnF2 and 

PbI2 power, where SnF2 was used as an additive to prevent the oxidation of Sn2+ (panel 

i of Fig. 17c) [213]. The PCE of the prepared PSCs reached 13.98% (panel ii of Fig. 

17c) [213]. When using multi-source evaporation methods (such as three-source and 

four-source) to prepare perovskite films, the main obstacle comes from the precise 

control of the deposition rate of each source in situ.   

For the PSCs mentioned above, other layers (such as carrier transport layers; 

except for perovskite layer) were prepared using the solution method. Vacuum 

deposition method can be used not only for the preparation of perovskite layer, but also 

for other layers of devices of PSCs. The thickness and composition of each layer can 

be precisely controlled by evaporation method [222]. Momblona et al. [223] prepared 

all-vacuum MAPbI3−xClx PSCs with p-i-n and n-i-p structures, and the average 

efficiency they achieved of 15% ( for p-i-n) and 18% (for n-i-p), respectively.  
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Fig. 17. (a) (i) Schematic diagram to show the process to deposit perovskite thin films 

by co-evaporation (dual-source) and the corresponding device structure [210]. (ii) 

Statistical distribution of PCE in MAPbI3 PSCs treated by different treatments. Here, 

Treated-MAPbI3 refers to the treatment of MAPbI3 perovskite layer with KAc 

(CH3COOK). Treated-MAPbI3+ARC (antireflective coating) refers to introducing a 

layer of LIF (100 nm) as antireflective coating on the basis of treated-MAPbI3 [210]. 

Copyright 2020, Elsevier. (b) (i) Schematic diagram to show the process to deposit 

perovskite thin films by three-source evaporation [212]. (ii) The forward (red) and 

backward (black) J-V curves of PSCs. The inset is a SPO (i.e., stable power output) 

measurement [212]. Copyright 2020, American Chemical Society. (c) (i) Schematic 

diagram to show the process to deposit perovskite thin films by four-source evaporation 

[213]. (ii) The forward (solide line) and backward (dotted line) J-V curves of PSCs 

[213]. Copyright 2019, Wiley-VCH. 

5.2. Blading coating 
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To realize the commercialization of perovskite solar cells, large-area thin film 

preparation methods are desirable. Blade coating is a simple, low-cost and efficient 

method for preparing large-scale perovskite films. Schematic diagrams of blade coating 

were in panel (i) of Fig. 18(a) [224]. During the coating process, the perovskite 

precursor solution is dropped onto the substrate, and the blade linearly scrubs the 

solution at a constant speed. With the simultaneous heating of the substrate in the blade 

coating process, direct crystallization occurs. Too low a temperature of the substrate 

may cause the drying time of the film to be too long and therefore produce a rough and 

pinhole film; while a too high temperature may cause the decomposition of MAPbI3 

perovskite. Therefore, the substrate temperature need be optimized for obtaining a 

dense high quality perovskite film. The optimized PCE of the MAPbI3 perovskite solar 

cell prepared by this method reached 18.74% (panel ii of Fig. 18a) [224]. Similar to 

spin coating, blade coating can also be combined with additive (bilateral alkylamine) 

to improve the PCE of PSCs from 18.3% to 21.7% [225].  
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Fig. 18. (a) (i) Schematic diagram to show the process to deposit MAPbI3 perovskite 

film by blade coating [224]. (ii) J-V curves of MAPbI3 PSCs prepared under different 

conditions (i.e., solvent and annealing temperature). Reference here refers to DMSO: 

GBL-blade-25 °C with antisolvent drip [224]. Copyright 2018, Elsevier. (b) (i) 

Schematic diagram of the process to deposit MAPbI3 perovskite films by two-step 

spraying [226]. (ii) J-V curve of the corresponding device [226]. Copyright 2016, 

Elsevier. (c) (i) Schematic diagram to show the process to deposit MAPbI3 perovskite 

films by slot die coating [227]. Copyright 2018, Royal Society of Chemistry. (ii) J-V 

curves of MA0.6FA0.38Cs0.02PbI2.975Br0.025 PSCs with different electrode prepared by slot 

die coating. Here, PEIE is polyethyleneimine ethoxylate [228]. Copyright 2018, Wiley-

VCH. 

5.3. Spray coating  
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Spray coating is a promising method to deposit large area PSCs at low cost [229]. 

Preparation of perovskite thin films by spray coating consists of the following steps. 

First, the precursor droplets of perovskite are atomized by ultrasonic spraying, which 

can increase the uniformity of droplet size. Then the atomized droplets reach the surface 

of the substrate. After that, the droplets aggregate to form a wet perovskite film. Finally, 

the solvent gets evaporated and the wet film becomes dry gradually [230,231]. Solvent, 

precursor concentration, fluid velocity, nozzle height/velocity, and substrate 

temperature are all critical for the quality of the film. For example, Qi and co-workers 

used a spray method to first prepare a PbI2 wet film, which was then immersed in a 

MAI precursor solution to obtain a MAPbI3 film [232]. It was found that the higher 

solvent evaporation rate during the spraying process caused macroscopically visible 

inhomogeneity of the perovskite film, while the thicker wet film (PbI2) resulted in low 

surface coverage of the MAPbI3 film. The Ref. [232] above is just for PbI2 deposition 

by spray method. Two-step ultrasonic spray methods shown in panel i of Fig. 18(b) 

[226]. After depositing PbI2 layer by ultrasonic spraying, then MAI was sprayed on the 

PbI2 film. The PCEs of the PSCs with 0.1 and 1 cm2 were 16.03% (panel ii of Fig. 18b) 

and 13.09%, respectively. Continuous high current ultrasonic spraying can reduce the 

droplet size, which is helpful for the preparation of large-area PSCs with good 

photovoltaic performance, such as the PCEs of the MAPbI3 PSCs with were 16.9% and 

14.2% for 0.0754 cm2 and 1 cm2 areas, respectively. Similar to spin coating, ultrasonic 

spraying can also be combined with antisolvent to prepare large area PSCs. For example, 

Hest et al. [233] prepared a chlorine-containing MAPbI3 perovskite thin film using 
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ultrasonic spraying, combined with antisolvent (ether) bathing under ambient 

conditions. Although the surface roughness of the film prepared by this method was 

higher than that of spin coating, the corresponding PSCs still reached 17.3% (active 

area: 0.06 cm2). Bishop et al. [234] exposed the trication perovskite wet film prepared 

by the ultrasonic spraying method to vacuum conditions for a short while, which helped 

to control the crystallization process of perovskite, hence improving the surface 

morphology of the film. The efficiency of PSCs with 2.6 mm2 and 16 mm2 areas 

obtained by this method is as high as 17.8% and 15%, respectively. In a follow-up work, 

they used the same method to prepare charge transport layers, and the PCE of the 

corresponding PSC achieved 19.4% (2.5 mm2). At the same time, the PCE of the 

corresponding large-area PSC reached 16.3% (15.4 mm2) [235]. Ultrasonic spraying 

can also be combined with chemical vapor deposition (CVD) to prepare large-area and 

high-efficiency PSCs, meanwhile reducing lead waste. For example, Qi and co-workers 

succesfully prepared large-area (10 cm × 10 cm) FAPbIxBr3−x perovskite films and the 

device acheved high performance [236]. Firstly, PbI2 thin films were prepared by 

ultrasonic spraying. The move of the spray head in X and Y directions is conducive to 

deposit a uniform PbI2 wet film across large areas. Then, PbI2 is converted into 

FAPbIxBr3−x in FAI, FABr and MACl steam by CVD. The PSCs prepared based on this 

method exhibited a PCE of 14.7% (active area: 12 cm2). Although the efficiency of 

PSCs prepared by spray coating is still lower than that prepared by spin coating method, 

it shows clear potential in fabricating large area and scalable PSCs. 

5.4. Slot die coating 
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Slot die coating is an effective process for manufacturing large-area roll-to-roll 

printed perovskite solar cells. It has the characteristics of high flux and high material 

utilization. In the slot die coating process, the perovskite precursor solution is added to 

the die with slits, and the die head passes through the substrate at a fixed coating speed 

to obtain the precursor wet film (panel i of Fig. 18c) [227]. The thickness of the wet 

film prepared in this way can be controlled by adjusting the concentration of the 

precursor solution, the coating speed, and the distance between the slit of the die and 

the substrate [227,228]. Blowing and heating (60 °C) can be introduced to accelerate 

the evaporation of the solvent to improve the morphology of the slot die coated 

perovskite films. The PCE of the MAPbI3 PSC prepared in this way was up to 12.7% 

(10 mm2) [237]. Kim et al. prepared MA0.6FA0.38Cs0.02PbI2.975Br0.025 perovskite in air 

using slot die coating combined with heating assisted deposition (�100 °C), and the 

corresponding device efficiency reached 14.7% (panel ii of Fig. 18c) [228]. For 

MAPbI3−xClx, the PCE prepared by slot die coating can reach 18% (active area: 0.06 

cm2) [227]. In order to further improve the high-throughput characteristics of PSCs 

prepared by slot die coating, Qi and co-workers replaced the ultraviolet ozone treatment 

with corona treatment to achieve the purpose of high throughput, which successfully 

reduced the time of surface treatment from 15 min (ultraviolet ozone) to 0.1 s (corona) 

[238]. Although slot die coating has the potential to produce roll-to-roll PSCs with a 

large area, its PCE is still lower than that of PSCs prepared by spin coating. The other 

layers in the above PSCs (except the perovskite layer) are all prepared by the traditional 

solution methods. 
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Slot coating can be used not only to prepare perovskite layers, but also to prepare 

other layers in PSCs, which is helpful for high-throughput production of PSCs. 

However, because the PCE of the entire PSCs prepared by slot die coating is low (such 

as 5.73% [239] and 11.7% [228]), the preparation conditions need to be further 

optimized. 

6. Strain engineering 

6.1. Origin of strain 

Strains may exist in perovskite films. Strain includes internal strain and external 

strain, which can be characterized by the shift of XRD peak due to the change of lattice 

parameters [240]. Internal strain generally refers to the lattice strain caused by crystal 

defects in perovskite crystal [241] and composition inhomogeneity [242]. The external 

strain is generally caused by the gradient thermal stress during film processing [243]. 

During the annealing (i.e., upon heating on a hot plate), there is thermal gradient from 

the bottom (near the substrate) and the surface. Upon cooling, the surface of the 

perovskite film is cooled faster than the bottom, so the surface of the perovskite film is 

subject to tensile strain, while the bottom is relatively compressed strain. The combined 

effect of these two strains results in a gradient residual tensile strain in the perovskite 

film [242]. Furthermore, the external strain can be also formed due to the different 

thermal expansion coefficient between the perovskite layer and the adjacent layer (ETL 

and/or HTL) [244]. Fig. 19(a) shows the coefficient of thermal expansion of materials 

commonly used in each layer of PSCs. It can be seen that the thermal expansion 

coefficients of the substrate and ETLs are smaller than those of perovskite, except for 
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very few ETL (such as PC). On the other hand, the coefficients of thermal expansion 

for HTLs (PDCBT and commonly used P3HT) are higher than that for perovskite 

materials. 

 

Fig. 19. (a) Thermal expansion coefficients (α) of different layers in PSCs [243]. (b) 

Schematic diagrams of tensile strain and compressive strain in perovskite layer. The αc 

and αp refer to the thermal expansion coefficient of contact layer (such as HTL) and 

perovskite respectively [243]. (c) Effect of HTL annealing temperature on strain of 

CsPbI2Br perovskite thin films [243]. (d) Statistical distribution of PCE of CsPbI2Br 

PSCs under different strain conditions [243]. Copyright 2020, Springer Nature. 

6.2. Strain adjustment 

6.2.1. Reducing harmful tensile strain 

In the perovskite film, the existence of tensile strain will reduce the activation 

energy of ion migration and accelerate the degradation of perovskite. The tensile strain 
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can be relaxed in the following ways. First, lowering the formation temperature can 

reduce the tensile strain in perovskite [245]. Besides, the A-site doping can improve the 

thermal and light instability of perovskite, which is due to the strain release, 

accompanied by lattice shrinkage [219,246]. In addition, the ion substitution will 

change lattice constant of perovskite by affecting the [BX6] octahedral framework to 

adjust the lattice strain. For example, Shai et al. [247] introduced Zn into the MAPbI3 

perovskite and obtained an ordered and stable MA(Zn:Pb)I3−xClx crystal, where Zn 

doping produced lattice shrinkage in the [BX6] octahedral framework and therefore 

released the lattice strain. The resultant PCE of PSC was up to 20.06%, and the stability 

was greatly improved. 

6.2.2. Introducing compressive strain 

By introducing compressive strain (i.e., stress compensation), the harmful tensile 

strain can be reduced. The simplest way to adjust strain is to apply external stress to 

perovskite. Bending the film into a convex shape will increase the lattice strain, while 

bending it into a concave shape can reduce the residual strain in the film [244]. Secondly, 

it is possible to adjust the thermal expansion coefficient (higher or lower) of the adjacent 

layer (ETL/HTL) to adjust the strain in the perovskite layer. When the adjacent layers 

of perovskite (ETL or HTL) with higher coefficient of thermal expansion is used, the 

perovskite film will produce compressive strain. Otherwise, tensile strain will be 

produced (Fig. 19b). Based on such principle, poly[5,5-bis(2-butenyl)-(2,2-

dithiophene)-4,4-dicarboxylate-alt-5,5-2,2-di-Thiophene] (PDCBT) was used as HTL 

[243] , because that thermal expansion coefficient of PDCBT (i.e., αc) is higher than 
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that of CsPbI2Br perovskite (i.e., αp), to produce compressive strain. Besides, PDCBT 

has rich carbonyl groups, which has strong interaction with perovskite so as to achieve 

strain compensation. The temperature for preparing HTL will also affect the strain (Fig. 

19c) [243], i.e., relatively high temperature causes compressive strain, while relatively 

low temperature causes tensile strain. The optimized condition of HTL improve the 

photovoltaic performance and the optimal PCE of CsPbI2Br PSCs is up to 16.4% (Fig. 

19d) [243]. On the other hand, HTL with lower treatment temperature (60–80 °C� will 

lead to tensile strain, which leads to the decrease of PCE (Fig. 19c and d). For another 

example, Chen et al. [248] epitaxially grown α-FAPbI3 single crystal film on a 

MAPbClxBr3−x perovskite substrate with mismatched lattice. By adjusting x and 

changing the lattice parameters of the substrate, strain is adjusted. The strong ionic bond 

between the α-FAPbI3 and the substrate (MAPbClxBr3–x) can prevent the phase 

transition of FAPbI3. At the same time, the α-FAPbI3 thin film is compressed due to the 

lower interface energy of cubic α-FAPbI3/cubic substrate compared with that of 

hexagonal δ-FAPbI3/cubic substrate. Therefore, the phase stability of α-FAPbI3 was 

greatly improved.  

7. Adjusting the band gap of perovskite 

Through the continuous efforts of scientific researchers, the efficiency of 

perovskite solar cells is constantly approaching the Shockley-Queisser limit [249]. Fig. 

20(a) shows the influence of the perovskite band gap of each sub-cell in single junction 

and multi-junction PSCs on the theoretical maximum efficiency [250]. The maximum 

efficiency of single-junction solar cell can be achieved when the band gap is 1.4 eV. 
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Fig. 20(a) also lists the band gap range of each sub-cell of the multi-junction PSCs, as 

well as the optimal band gap of the perovskite in each sub-cell to achieve the best 

theoretical efficiency [250]. Simultaneously, with the increase of the number of sub 

cells, the influence of the perovskite’s bandgap of the bottom sub-cell on the maximum 

efficiency of the multi-junction PSCs gradually decreases. Fortunately, perovskite has 

the advantage of tunable bandgap. In the following section, we will discuss the 

composition engineering to tune the bandgap of perovskite. 

7.1. Composition engineering 

7.1.1. X-site anion  

The choice of halogen element X in ABX3 metal halide perovskite materials has 

strong impact on its optical band gap. When other elements remain unchanged, the band 

gap of perovskite increases with the decrease of halogen ion size [251]. The content of 

Br in MAPb(I1−xBrx)3 affects the band gap of perovskite. By adjusting the content of 

bromine, the band gap of perovskite can be continuously adjusted (i.e., 1.55~2.3 eV) 

(Fig. 20b) [252]. Similarly, in tin-based perovskite, such as MASnI3 and CsSnI3, the 

incorporation of bromine to replace iodine will enlarge the band gap [253,254]. For 

example, its band gap of CsSnI3 is about 1.27 eV. When I is replaced by Br, its band 

gap will gradually increase to 1.37, 1.65 and 1.75 eV for CsSnI2Br, CsSnIBr2 and 

CsSnBr3, respectively [254]. The increase of band gap will lead to the decrease of Jsc, 

but the Voc will rise. Similar to Br, doping Cl in lead iodide perovskite can also increase 

the band gap, which is not conducive to the photovoltaic performance of single junction 

PSCs [255]. 
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The low-dimensional Cs3Bi2I9 perovskite shows excellent air stability, but it limits 

the application in solar cells due to its large band gap (~2 eV). The substitution of I by 

Br in Cs3Bi2I9 could reduce the band gap of Cs3Bi2I9 from 2.2 eV (for Cs3Bi2I9) to 2.03 

eV (for Cs3Bi2I6Br3) [256]. It seems that halogen is effective in regulating the band gap 

of Cs3Bi2I9. However, McCall et al. [257] partially replaced I in 0D Cs3Bi2I9 with Cl to 

form 2D Cs3Bi2I6Cl3 perovskite. Cl in Cs3Bi2I6Cl3 occupies the bilayer’s bridging 

position, while I occupies the terminal site, which results in the (111) oriented two-

dimensional bilayer structure. The Cl does not affect the band gap, but introduces a 

direct band gap, which enhances the photoelectric performance of the PSC. The 

discussions above indicate that the effect of Br and Cl replacement for I in low-

dimensional Cs3Bi2I9 is different from of that in both lead-based perovskites and tin-

based perovskites.  
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Fig. 20. (a) The band gap and theoretical maximum efficiency of perovskite in each 

sub-cell of single junction and multi-junction PSCs [250]. Copyright 2016, Elsevier. (b) 

The relationship between the band gap (Eg) of MAPbI3−xBrx (pseudo cubic or cubic) 
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and Br content (x) [252]. Copyright 2013, American Chemical Society. (c) Effect of A-

site cation composition engineering on the band gap of FA1−xCsxMI3 (M = Pb, Sn) [258]. 

Copyright 2017, American Chemical Society. (d) The influence of alloyed In and Sb on 

the indirect band gap of Cs2AgBiBr6, respectively [259]. Copyright 2017, Wiley-VCH. 

(e) Dependence of band gap of MAPbI3 on pressure applied on perovskite. Here, II, IV 

and V refer to the tetragonal phase, cubic phase and isostructural cubic phase, 

respectively [260]. Copyright 2016, American Chemical Society. (f) Tauc plots of the 

indirect band gap of Cs2AgBiBr6 perovskite single crystals. Here, DP-60 and DP-150 

refer to the evaporation of perovskite precursor solution at 60 °C and 150 °C, 

respectively [261]. Copyright 2020, Wiley-VCH.  

7.1.2. A-site cation 

The band gap of perovskite can also be adjusted by changing the A-site cation. In 

lead-based perovskite, the band gap increases when A-site cation is replaced by a 

smaller A-site cation. For example, when the larger FA (2.53 Å) was replaced by a 

smaller Cs (1.88 Å) atom, the band gap increased due to the inclination of octahedron 

(Fig. 20c) [258]. For another example, the band gaps of Cs0.10MA0.90PbI3, 

Cs0.20MA0.80PbI3 and Cs0.30MA0.70PbI3 formed by partially replacing MA (2.17 Å) with 

Cs are 1.54, 1.57 and 1.58 eV [262], respectively, which shows an increase in the band 

gap compared to MAPbI3 (1.52 eV). When substituting larger cations for smaller 

cations, the band gap will be reduced. For example, partial replacement of MA by FA 

in MAPbI3 (~1.57 eV) formed the mixed cation perovskite (such as MA0.6FA0.4PbI3) 

and reduced the band gap (1.53 eV), which is due to the isotropic shrinkage of the 
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crystal lattice [258]. Finally, it resulted in the increased light absorption range and the 

excellent photovoltaic performance [263]. While in tin-based perovskite, the 

substitution of Cs for FA reduce the band gap due to the lattice shrinkage (Fig. 20c) 

[258]. It is worth noting that different preparation processes will cause a slight change 

in the band gap of the same perovskite such as MAPbI3. Therefore, the selection of the 

A-site cation plays an important role in adjusting the band gap. 

7.1.3. B-site metal cation 

For MAPbI3, partial replacement of Pb with Sn can reduce the band gap of 

perovskite as much as possible to the band gap most suitable for single-junction PSC 

[264,265]. Although lead-free double perovskites (such as Cs2AgBiBr6) avoid the toxic 

Pb, their application in PSCs is still limited mainly because of the large band gap. 

Alloying trivalent metal elements (In or Sb) can adjust the band gap of Cs2AgBiBr6 

[259]. In and Sb show different effects on band gap adjustment. The band gap of 

Cs2AgBiBr6 perovskite increased with the addition of alloyed In. When Bi is partially 

replaced by In, the ordering of [BiBr6] octahedron reduced, leading to the downward 

shift of valence band and the increase of band gap. On the contrary, the band gap of 

Cs2AgBiBr6 perovskite decreases with the addition of alloyed Sb, as shown in Fig. 20(d) 

[259]. Sb alloying can reduce the band gap because that the energy level of the 5s states 

of Sb is higher than that of the 6s states of Bi, which leads to the increase of the valence 

band (VB) of perovskite after Sb alloying [259].  

7.2. Pressure regulation 

Pressure can adjust the crystal structure, electronic structure and energy gap of 
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semiconductor to realize band gap adjustment [266,267]. The pressure exerted on the 

MAPbI3 causes a phase change in the perovskite, as shown in Fig. 20(e) [260]. When 

the applied pressure is less than 0.35 GPa, the MAPbI3 perovskite is in the tetragonal 

phase (II). In this range, as the pressure increases, the band gap decreases from 1.5 to 

1.475 eV. When the pressure reaches 0.35 GPa, MAPbI3 undergoes a phase change, 

changing from a tetragonal phase to a cubic phase (IV). At this time, the band gap (1.54 

eV) of MAPbI3 changes slightly with increasing the pressure. When the pressure 

reaches 2.5 GPa, the perovskite becomes isostructural cubic phase (V), and the band 

gap sharply increases. With further increasing pressure, the band gap increase more. 

Pressure will distort the inorganic framework in the perovskite and cause structural 

distortion, which affects the electronic state of the absorption edge, and ultimately 

manifests as a change in the band gap.  

Pressure can also change the band gap of lead-free perovskites by affecting the 

crystal lattice. For example, the band gap of the Cs2AgBiBr6 can be reduced from 2.2 

eV at environmental condition to 1.7 eV at 15 GPa [268]. Taking another example, the 

band gap of Cs3Bi2I9 can be adjusted from 2.06 eV at atmospheric pressure to 1.12 eV 

at 12.1 GPa [269]. However, this adjustment of band gap is limited. Once the pressure 

is removed, the perovskite will recrystallize and return to its original state. So the 

pressure regulation for band gap is not applicable to solar cell fabrication, but help to 

understand the basic physical property.  

7.3. Temperature  

The change of temperature will lead to the thermal expansion of the lattice, which 
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will change the electronic structure and optical properties. In lead-based perovskites, 

such as MAPbI3, the band gap is slightly increasing, and the change value is about 80–

90 meV with the increase of temperature from 15 K to 300 K [270,271]. Although 

temperature has almost no effect on the band gap of lead-based perovskites, its effect 

on the band gap of lead-free perovskites seems to be a bit greater compared to lead-

based perovskites. For example, in Cs2AgBiBr6, when the temperature was increased 

from 25 °C to 200 °C, the band gap was reduced (the maximum reduction is about 0.07 

eV) [272]. This is mainly because the change of temperature will cause the bond length 

of Ag−Br and Bi−Br to change, which is manifested as a reversible thermos-chromic 

phenomenon. Later, it is discovered that the growth of lead-free perovskite crystals 

through temperature adjustment seems to have a relatively large effect on the band gap 

of lead-free perovskite. For example, by slowly evaporating the precursor solution at 

different temperatures, Cs2AgBiBr6 single crystals with different band gaps can be 

synthesized [261]. As the evaporation temperature increased from 60 °C to 150 °C, the 

color of Cs2AgBiBr6 single crystal changed from red to black, corresponding to the 

reduction of the band gap. By controlling the crystal growth temperature and rate, the 

reduction of band gap is about 0.26 eV (from 1.98 eV to 1.72 eV) (Fig. 20f) [261]. The 

authors proposed that increasing the disorder of Ag−Bi can reduce the band gap, which 

is verified by first-principle calculation. Overall, the influence of temperature on band 

gap is negligible for Pb based perovskites, but it seems more effective to adjust the band 

gap of lead free perovskites. 

8. Perspectives   
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We reviewed the common strategies (including antisolvent, Lewis acid-base 

addition reaction, chloride ion additive, scaleable fabrication, strain engineering and 

bandgap adjustment)for fabricating high-quality perovskite films, and therefore for 

fabricating PSCs with high performance (i.e., both high PCE and high stability). The 

quality of thin films prepared by traditional solution method usually is poor, which is 

characterized by uneven grain size, voids, low coverage and high roughness. The 

utilization of antisolvent method largely addressed these problems. The antisolvent can 

control the crystallization of perovskite by extracting solvent, so as to improve the 

quality of perovskite thin films. In this process, the choice of suitable antisolvent is 

particularly important. The polarity and boiling point of the selected antisolvent should 

not be too high or too low, otherwise it will lead to poor film morphology. Of course, 

the polarity of the antisolvent with higher or lower polarity can be adjusted by mixing 

the antisolvent to achieve the optimal crystallization rate. The miscibility of the 

antisolvent to the solvent depends on the polarity of the antisolvent. They regulate the 

crystallization rate of perovskite by influencing the intermediates. In addition to the 

physicochemical properties of the antisolvent itself, the time (or window) and volume 

of the antisolvent also affect the film quality, so as to the device performance. Although 

the antisolvent method has made an important contribution to the preparation of high-

quality thin films, the processing window is narrow. The window of antisolvent is first 

affected by the composition of perovskite. The antisolvent window of mixed 

cation/halide perovskite is wider than that of single cation/halide perovskite. For the 

same antisolvent, the windows are also different for perovskites with different cations 
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and halides. Secondly, different solvents also lead to wide or narrow windows. In some 

preparation processes, the advantage of antisolvent is not obvious or even negative. At 

this time, adjusting the temperature of the antisolvent may optimize the application of 

antisolvent and made antisolvent effective again. The ultimate goal of applying 

antisolvent is to optimize the nucleation and growth of perovskite, and improve the 

repeatability of preparation. A large number of antisolvent are combined with additives 

to solve the problems of perovskite itself, or to solve the disadvantages of antisolvent 

method. There are two ways to add additives, one is to add the additive (s) to perovskite 

precursor, the other is to add it to the antisolvent. The solubility of additive and solvent 

is the prerequisite for additive to be added into perovskite precursor or antisolvent. If 

one wants to stabilize the crystal structure or passivate the perovskite, the additive 

should be added to the perovskite precursor; if the purpose is to control the nucleation 

and crystal growth of perovskite, then the additive should be added to the antisolvent.  

Lewis acid-base addition reaction is also a common strategy in the preparation of 

perovskite thin films by solution method. Lewis acid is usually the metal cation in the 

perovskite precursor. The Lewis base generally includes a Lewis base solvent (such as 

DMSO, DMF and thiourea) and molecules containing Lewis base functional groups. 

When Lewis bases are added to the process of preparing perovskite films (such as added 

to precursor/antisolvents), they participate in the formation of perovskites and form 

Lewis acid-base adducts with metal cations, which can regulate crystallization and 

growth of perovskite. Generally speaking, the effect on the crystallization process will 

also affect the defects in the perovskite film, and there is no obvious boundary between 
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them. After the perovskite film is formed (after thermal annealing), when the surface of 

the perovskite film is treated with Lewis base/acid molecules, they can only play a role 

in passivating defects. Some people also use Lewis acid/base additives to passivate the 

defects in perovskite and improve the hole extraction effect of HTL, which is beneficial 

to improve the performance of PSCs. 

The applications of chloride ion additives (such as MACl, FACl, and CsCl) are 

mainly used to suppress the loss of non-radiative recombination due to defects (such as 

interstitial Pb2+ and halide vacancies). These additives also improve the stability of the 

perovskite phase. Other additives, such as small molecule additives containing various 

functional groups (e.g., aromatics structure, alkyl-chain and non-fullerene electron 

acceptor), organic polymer additives and hydrolytic polycondensable additives (such 

as TEOS) can also be used to inactivate the bulk and surface defects of the perovskite, 

and therefore to enhance the device performance and the stability.  

Besides, in order to provide guidance for the large area perovskite module 

fabrication, the methods for preparing scaleable perovskite films are described 

(including evaporation method, blading coating, spray coating and slot die coating). 

Although the PCE of PSCs prepared by evaporation method is still lower than that by 

solution method, the advantages of large area compatibility can not be ignored. Blade 

coating, spray coating and slot die coating are not only compatible with the preparation 

of large area perovskite film, but also can reduce the waste of precursor compared with 

spin-coating.  

Strain is ubiquitous in perovskite. The defects and composition inhomogeneity in 
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perovskite lead to lattice strain, which has a negative effect on the stability of perovskite 

and the performance of the device. The [BX6] octahedral framework can be affected by 

ion substitution (such as A-site doping or partially replacement by other ions) to achieve 

the purpose of strain release or strain compensation. On the other hand, due to the 

mismatch of thermal expansion coefficient between the perovskite layer and other 

layers in PSCs, tensile strain exists widely in perovskite films during the high 

temperature annealing process, which is harmful to the intrinsic stability of perovskite. 

In order to improve its internal stability, the harmful tensile strain in perovskite can be 

adjusted by performaning the annealing at relatively low temperature (note: the 

crystalizaion should not be considerably sacrificed; the opto-elctronic property of the 

perovskite film should be not compromized), introducing external compressive strain 

and adjusting the thermal expansion coefficients of adjacent layers and perovskite. 

The band gap of perovskite can be adjusted through component engineering 

(including A-site, B-site and X-site), imposing high pressure to perovskite crystal and 

temperature adjustment. Component adjustment should be considered in the premise of 

target device (i.e., single junction solar cell or tandem solar cell). The high pressure can 

adjust the band gap in a wide range. However, once the pressure is removed, the band 

gap of perovskite will recover. For Pb-based perovskite, the temperature has little effect 

on the band gap, while temperature can adjust the band gap in a certain range in the 

lead-free perovskite (such as Cs2AgBiBr6). 

Thanks to the tremendous efforts on perovskite from perovskite community, 

impressive progress has been made for PSCs. However, there still remain several 
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challenges for the commercialization of this technologyas follows. 

(1) The optimized composition and the structure of perovskite with best performance 

need be studied extensively. Currently, lots of compositions are reported, and different 

fabrication methods, as well as treatment methods (such as normal annealing, vapor 

annealing, ramping annealing, and different additives) are used for fabricating PSCs. 

However, there is no one method that is almighty because of the versatile compositions 

and the corresponding various physiochemicial properties of them. Therefore, the role 

of each strategy or the mechanism of it should be understand deeply in order to find the 

protocol or the best condition for controllably fabricating PSCs with the highest PCEs. 

(2) The fabrication environment should be controlled. Perovskite is very sensitive to 

the environment both during the fabrication process and during the usage. For example, 

in summer, high humidity will hinder obtaining high PCE when fabrication PSCs. 

Usage in air or under the environment with thermal stress also lead to the performance 

degradation. Therefore, strict encapsulation methods should be exploited to avoid the 

degradation during the usage. 

(3) Intrinsic stability should be focused more. Even applying the encapsulation, the 

perovskite still degrades, because of the weak binding, ion migration and intrinsic 

defects. Therefore, encapsulation is just considered as a supplementary method, and the 

priority for solving the stability issues is to search for perovskite materials with 

enhanced intrinsic stability. 

(4) PSCs, especially lead-based PSCs, have excellent photoelectric properties, and have 

made remarkable progress. However, their commercial development can be hindered 
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by the safety concerns regarding the toxic element (lead in these PSCs). Lead is harmful 

to environment and human body. Rainwater may cause irreversible decomposition of 

the perovskite layer in PSCs, and Pb can be dissolved in rainwater, thus polluting the 

environment [273]. Besides, Pb can cause serious damage to human body such as 

nervous system and reproductive system, especially to children [274]. Therefore, in 

order to expand the commercial application of PSCs, it is necessary to prevent the 

harmful effects of Pb on the environment and human body while ensuring the high 

efficiency and stability of PSCs.  

The problem of lead toxicity can be solved from the following aspects. Firstly, 

more effective encapsulation technology can be developed to minimize Pb leakage into 

environment in case PSCs are damaged under extreme weather conditions [275]. 

Secondly, strategies should be developed to recycle PSCs that have reached their 

service life [276]. In addition to the above two methods focusing on reduction of the 

harmful effects of Pb-based PSCs to the environment, it is also beneficial to develop 

Pb-free PSCs. At present, many nontoxic elements (such as Sn, Ge, Bi and Sb) have 

been used to replace Pb. However, the development of lead-free perovskite is facing 

several challenges For example, most of the lead-free perovskite films prepared by low-

cost solution methods have the problem of fast crystallization rates, which leads to poor 

film morphology [97,99,162,171]. In addition, the air stability of tin-based or 

germanium-based perovskites is poor [277,278]. Besides, the band gap of bismuth-

based perovskite is too large (~2 eV) to prepare single junction perovskite solar cells 

with high PCE. Therefore, more efforts are needed in the development of lead-free 
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perovskites. 

(5) The technology of large area with high efficiency is needed. If we compare the 

technologies of PSCs and the silicon-based solar cells, their PCEs of lab-based devices 

are very similar, but the large area device (or modules) of perovskite photovoltaic is fall 

behind of Si-based photovoltaic. As we know, with increasing the area, the film quality 

gradually faces challenges. For example, the spin-coating method is incompatible with 

large area fabrication. Take another example, the film uniformity become challenging 

when expanding the area in vacuum method and pinholes may appear. Therefore, it is 

necessary to develop reliable fabrication methods for fabricating large area PSCs and 

modules.  
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Graphic abstract with a description: 

 

This review article focuses on providing a full picture of preparing high quality metal 
halide perovskite films for realizing high performance perovskite solar cells, including 
the strategies of antisolvent, Lewis acid-base, additive engineering, scaleable 
fabrication, strain engineering and band gap adjustment. 




