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Introduction
In Perovskite Solar Cells (PSCs), the properties of the perovskite absorber layer, 

particularly its grain morphology, crystallinity and trap density, are of critical importance for 
the device performance and stability. Since the early days of PSCs research, a special attention 
has been paid to improving the perovskite film morphology by various means, including 
solution engineering [1-3] and optimizing the film deposition procedures and conditions 
[4-9]. Later on, Solvent Vapor Annealing (SVA) becomes a very effective method that can 
drastically modify the perovskite film’s grain morphology, in addition to its crystallinity, 
leading to an improvement in the overall PSC efficiency. SVA post-treatment is generally based 
on keeping the as-deposited perovskite film under atmospheric conditions with an elevated 
concentration of a solvent vapor for a period of time during thermal annealing. Under 
such conditions, the solvent vapor (typically a polar solvent that dissolves the perovskite 
precursors) would mediate the growth of large grains through Ostwald ripening process 
[10,11], in which the smaller grains in the film are melted and re-deposited as the larger ones, 
therefore leading to a morphology that is more favorable for the performance of PSCs. The 
following sections summarize the SVA of perovskite films to achieve high performance of 
PSCs, including the utilized solvents or solvent mixtures, and the key changes observed in the 
film’s characteristics and PSCs performance.

SVA using Single Solvents
The first report on utilizing SVA in the preparation of perovskite films was made by Xiao 

et al. [12] in which they used Dimethylformamide (DMF) as a solvent to treat perovskite films 
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Abstract
Perovskite Solar Cells (PSCs) have undergone a rapid development and progress in recent years, achieved 
high power conversion efficiencies beyond 20%. This was made possible through the developments in 
different areas of the device and its process engineering, including the development of PSCs interface 
interfacial engineering techniques. In addition to the modification of the perovskite absorber layer by 
means of additives, solution engineering and various post-treatments of the perovskite layer such as 
Solvent Vapor Annealing (SVA) have also been developed and applied for developing high performance 
PSCs. This short review reviews the recent advancements in SVA post-treatments of perovskite films to 
modify and tune their grain morphology, crystallinity and trap density, and thereby improving the PSCs 
performance and stability. 
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that are deposited through a two-step method (i.e., depositing PbI2 
films first followed by immersion into MAI solution to complete 
the conversion to perovskite). They reported a significant increase 
in the perovskite grain size, reaching up to 1µm compared to 
260nm for the control films. Additionally, an increase in the 
film’s crystallinity was confirmed by XRD analysis. Overall, these 
modifications resulted in an increased carrier recombination 
lifetimes and a faster extraction as confirmed by transient 
photovoltage and photocurrent measurements. This resulted in the 
PSCs with a PCE of 15.6% as compared to only 9.9% for the control 
devices [12]. Subsequently, a work by Jiang et al. [13] evaluated the 
impact of five different annealing atmospheres, N2, H2O, Gamma-
Butyrolactone (GBL), Dimethyl-Sulfoxide (DMSO), and DMF, on the 
perovskite film’s characteristics N2, H2O, Gamma-Butyrolactone 
(GBL), Dimethyl-Sulfoxide (DMSO), and DMF. A notable change in 
the morphology and an increase in crystallinity of the perovskite 
films was observed when it was annealed in DMF, GBL and DMSO 
ambient. While H2O annealing ambient showed no beneficial 
effects on the perovskite film morphology but resulted in a partial 
degradation of the film. Interestingly, it was observed that when 
annealed with GBL and DMSO ambient resulted in elimination 
of the voids present between the grains of the film and caused a 
reduction in the trap density. Another observation is a moderate 
increase in the surface roughness of the films treated using GBL, 
DMF and DMSO in particular. Overall, the devices fabricated 
with perovskite films treated using DMSO has shown the highest 
improvement in performance with a PCE of 13.59% compared to 
8.55% for control samples (annealed in N2), demonstrating the 
effectiveness of annealed perovskite film in the solvent vapor can 
significantly enhance the device efficiency [13]. 

Another work that examined the use of DMF for SVA of 
perovskite films was reported by Peng et al. [14] They showed that 
the use of optimized volume of DMF could increase the average grain 
size from 0.335µm to 1.37µm of the perovskite films, in addition to 
the reduction of the grain boundaries along the vertical direction. 
Ultimately, this resulted in a significant increase in the PSCs’ PCE 
from 10.23% to 15.08% [14]. Moreover, another work by Luo et al. 
[15] reported using GBL for SVA post-treatment of the perovskite 
film and observed an increase in the film’s grain size up to 253nm 
from 193nm, an improvement in crystallinity and a reduction in the 
grain boundaries along the vertical direction of the film. Overall, 
this resulted in an increase in the device’s efficiency from 13.05% 
for control to 16.58% for the GBL treated devices [15]. Another 
work by Kim et al. [16] they investigated SVA of the perovskite 
film using DMF, DMSO and N-Methyl-2-pyrrolidone (NMP). They 
concluded that the use of NMP in the SVA post-treatment perovskite 
films resulted in the best outcomes in terms of the elimination 
of the films’ pinholes and vertical grain boundaries. Additionally, 
it resulted in the highest increase of the carrier’s lifetime in the 
perovskite film compared to the other solvents. The carrier lifetime 
of 154ns was estimated for the NMP treated films compared to 
53ns of that for the control films. Ultimately, by using NMP in the 

SVA perovskite film treatment, a significant increase in the PSCs’ 
PCE from 7.85% to 15.71% was received [16].

Beside the use of polar solvents in SVA post-treatment of 
perovskite films, alcohols, such as methanol, ethanol and isopropanol 
have also been reported by Liu et al. [17]. They applied SVA post-
treatment during the two-step deposition of the perovskite films. 
They have found that the solvents with higher polarity, particularly 
methanol induced the formation of highly ordered crystals with an 
increased crystallinity and grain size. Additionally, by examining 
the carrier lifetimes in the perovskite films using time resolved 
photoluminescence an increase from 8.7ns to 17.1ns was observed. 
All of these changes in the perovskite film characteristics, results in 
the improved PSCs’ efficiency, reaching a PCE of 14.6% compared to 
10.2% for the control devices [17].

SVA using Mixed Solvents
To further improve the perovskite film quality, mixed solvents 

have been used in the SVA post-treatment. Sun et. al. studied using 
IPA/DMSO and IPA/DMF in the perovskite film SVA post-treatment 
as compared with that by using IPA alone. They have found that the 
IPA: DMF (100:1v/v) mixture treated perovskite films exhibited 
the largest grain size and compactness film. And received the dark 
current reduction of the complete devices. The fabricated PSCs’ PCE 
was increased from 12.2% to 15.1% and a retention of 75% of the 
performance after 8 days of unencapsulated storage in ambient 
atmosphere, compared to only 40% for the control devices [18]. 
By using the mixed polar solvents of DMF and DMSO, Tian et. al. 
reported to increase the perovskite film grain size from 241nm 
to 562nm after the SVA treatment. Furthermore, an increase in 
light absorption, as well as an elongation of the carrier’s lifetimes 
of the perovskite film up to 87.8ns and 188.2ns with the mixed 
polar solvents treatment compared to 9ns and 84.2ns without 
the treatment has been achieved. A corresponding increase in the 
steady state photoluminescence emission intensity of the treated 
films have also been received, indicating a reduction in overall trap 
density as a result of the treatment. Similar to the previous work 
of Liu et al. [13], an increase in the film surface roughness from 
5.65nm to 17.7nm is observed as a result of the mixed solvent SVA 
post-treatment. However, this increase doesn’t seem to compromise 
the final PCE of the device, which has risen from 15.58% to 19.51% 
for the device fabricated with and without the DMF: DMSO (9:1) 
mixture post-treatment, respectively [19]. 

The inclusion of H2O in mixed SVA post-treatments have also 
been examined in two separate works. First, a work by Ge et al. 
[20] demonstrated that by using an optimum concentration of H2O 
(2%) along with DMF in the SVA treatment, a significant increase in 
perovskite grain size, a reduction in pinholes and an elimination of 
the vertical grain boundaries in film could be attained. Additionally, 
a significant increase in the crystallinity is observed through XRD 
analysis, along with an enhanced light absorption. Moreover, the 
films treated with an optimized solvents ratio exhibited a longer 
carrier lifetime of 21.2ns and 164.2ns compared to 9.2 and 72.8 for 
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the pristine films, which again indicates the effectiveness of SVA 
treatments at reducing the trap density in perovskite films. Overall, 
this work demonstrated that optimized DMF: H2O treatment of 
perovskite films leads to an increase in the average PCE of the 
fabricated devices from 9.68% to 16.83%, and a retention of 
87% of the performance after storage for 14 days in ambient 
atmospheres compared to 63% for devices with perovskite films 
treated using DMF only [20]. A more recent work by Yi et al. [21] 
also looked at the inclusion of H2O in the SVA treatment cosolvent, 
along with DMSO. They showed that compared to using DMSO 
alone, the use of DMSO: H2O (75:50) facilitates the elimination of 
the voids and morphological defects in the film, particularly at the 
interfacial region. Additionally, an increase in the grain size from 
200-400nm for the control films to 400-900nm for the DMSO: H2O 
(75:50) treated films was received, along with a better crystal and 
grain orientation, and an enhanced crystallinity. As a result, the 
PEC of device increased from 16.94% to 19.51% [21], showing the 
potential of H2O inclusion in facilitating an improved perovskite film 
morphology. Notably, a moderate increase in the RMS roughness of 

the films from 10.2-10.5nm for control samples to 14.1-14.5nm 
for DMSO: H2O treated samples is reported, which is in accordance 
with the trend observed in other works.

Recently, we investigated use of the mixed solvent-antisolvent 
in SVA treatment of perovskite films. It was found that by using a 
DMSO and Chlorobenzene (CB) mixture with an optimized ratio 
of DMSO:CB (1:2), an increase in the average perovskite film 
grain size (area) from 0.059µm2 to 0.67µm2 was achieved, along 
with fused grain morphology, enhanced carrier transfer to the 
transport layer, increased film optical absorption and reduced trap 
density. Furthermore, a reduction in the contribution of the mobile 
ionic density in the perovskite layer to the device operation was 
observed upon the inclusion of CB in the SVA treatment, along 
with an increased in the stabilized PCE from 15.69% up to 18.51% 
[22]. This work further demonstrates the utility of a mixed solvent 
approach in SVA post-treatments of perovskite films. A summary of 
the studies covered in this mini review, including the used solvents 
and their effects on the perovskite films and device performance is 
shown in Table 1.

Table 1: A summary highlighting the device structures, used single or mixed solvent, key observations and PCE 
improvement resulting from the SVA treatments applied in the works covered in this mini-review.

Device structure Studied Solvent(s) Key Observations and Effects PCE Reference

ITO/PEDOT:PSS/MAPbI3/PCBM/
C60/BCP/Al DMF

•	 Grains size: 260nm to >1000nm

•	 Improved crystallinity

•	 Photovoltage lifetime: 1.7µs to 7.2µs

•	 Photocurrent lifetime: 0.57µs to 0.25µs

9.9% to 15.6 
% [12]

ITO/PEDOT:PSS/ MAPbI3/PCBM/
Ag

N2, H2O, GBL, DMF, 
DMSO

•	 DMF, GBL, DMSO resulted in increased crystallinity.

•	 GBL and DMSO resulted in elimination of voids and 
reduced trap density

•	 DMSO resulted in best PCE improvement.

•	 H2O caused partial degradation of the film.

8.55 % to 
13.59% [13]

ITO/PEDOT:PSS/ MAPbI3/PCBM/
PCBC/Al

Methanol 
Ethanol 

Isopropanol

•	 Methanol resulted in best outcomes:

	 Increased grain size

	 Higher crystallinity

	 Carrier lifetime: 8.7ns to 17.1ns

	 Reduced dark current

10.2% to 
14.6% [17]

ITO/PEDOT:PSS/ MAPbI3/PCBM/
Ag DMF

•	 Average grain size: 0.335µm to 1.37µs

•	 Reduced grain boundaries in the vertical direction

•	 Compact pin-hole free films

10.23% to 
15.08% [14]

FTO/c-TiO2/mp-TiO2/ MAPbI3/
Spiro-OmeTAD/Au GBL

•	 Large grain size: from 193nm to 253nm

•	 Reduced boundaries in the vertical direction

•	 Improved crystallinity and reduction of PbI2 phase 
in the film.

13.05% to 
16.58% [15]
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ITO/PEDOT:PSS/ MAPbI3/PCBM 
/Al

DMF 
DMSO 
NMP

•	 NMP resulted in best outcomes:

	 Reduction of vertical grains.

	 Elimination of pinholes

	 Longer carrier lifetimes: 53ns to 154ns

7.85% to 
15.71% [16]

ITO/PEDOT:PSS/MAPbI3 /PCBM/
Ag

IPA 
IPA/DMSO 
IPA/DMF

•	 IPA: DMF (100:1) resulted in best outcomes:

	 Compact dense films

	 Improved optical absorption

	 Reduced device’s dark current

12.2% to 
15.1% [18]

ITO/SnO2/MAPbI3/spiro-OMe-
TAD/Ag

DMF 
DMF/DMSO

•	 DMF: DMSO(9:1) resulted in best outcomes:

•	 Average grain size: from 241nm to 562nm

•	 Increased optical absorption

•	 Increased carrier lifetime: (9ns and 84.2ns) to 
(87.8ns and 188.2ns)

15.85% to 

19.51%
[19]

FTO/c-TiO2/MAPbI3/Spiro-Ome-
TAD/Au DMF/H2O

•	 Optimized H2O content of 2% resulted in best 
outcomes:

	 Average grain size of ~ 2µm

	 Dense pinhole free morphology

	 Absence of grain boundaries in the horizontal 
direction

	 Significant increase in crystallinity

	 Increased optical absorption

	 Carrier lifetime: (9.3ns and 72.8ns) to (21.1ns 
and 164.2ns)

9.68% to 

16.83%
[20]

ITO/NiOx/PTAA/ MAPbI3/PCBM/
BCP/Ag

DMSO 
DMSO/H2O

•	 DMSO only: voids and defects were present near 
the interfacial region.

•	 DMSO: H2O (75:25) resulted in:

	 Preferred grain orientation

	 Increased crystallinity

	 Increased grain size: (300-900) compared to 
(200-400) for control.

16.94% to 
19.51% [21]

FTO/c-TiO2/Cs0.05(MA0.

15FA0.85)0.95Pb(I0.85Br0.15)3/
Spiro-OmeTAD/Au

DMSO/CB

•	 DMSO: CB (1:2) resulted in best outcomes:

	 Increased grain size: from 0.059µm2 to 
0.67µm2

	 Fused grain morphology

	 Enhanced interfacial carrier extraction

	 Increased optical absorption

	 Reduced defect density

	 Reduced ionic contributions to the PSC 
operation.

15.69% to 
18.51% [22]
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Conclusion
In conclusion, this mini review has summarized the recent 

approaches in the SVA post-treatment on perovskite films, with 
the aim of improving the performance and stability of the PSCs. In 
particular, the various single solutions and solution mixtures used 
in the process as well as their key effects on the perovskite film’s 
characteristics were reviewed. Overall, SVA post-treatment is a very 
successfully approach to control various morphological features of 
perovskite films, including increasing their grain size, eliminating 
pinholes and voids in the film and eliminating the grain boundaries 
along the vertical direction of the film, which could facilitate faster 
carrier transport. Besides, SVA post-treatment has also been shown 
in multiple works to improve the crystallinity of the perovskite film 
and reduce the trap density. Another notable observation is the 
increase in the optical absorption of the films, which can increase 
the PSCs’ photocurrent. Finally, given the aforementioned positive 
effects of SVA post-treatment on the perovskite film’s quality, the 
implementation of interfacial engineering approaches alongside 
SVA can be a fruitful direction of future research in PSCs to harness 
the synergistic effects of both SVA treatments and interfacial 
engineering on improving the performance and stability of PSCs.
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