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Abstract:  

One-step method assisted by antisolvent is the most useful strategy to fabricate 

perovskite solar cells (PSCs) with high power conversion efficiency (PCE). 

Nevertheless, the narrow processing window and strict solvent ratio restricts the 

fabrication of large-area and uniform perovskite films. Herein, by thoroughly 

investigating the interaction between solvents and antisolvents during the processing, 

we discover the significant role of the typical solvent of dimethylformamide in the 

process of antisolvent washing and we demonstrate a solvent-antisolvent interaction 

model to understand the originality of narrow processing window and solvent ratio 

based on chlorobenzene. Furthermore, we introduce a green antisolvent ── Ethyl 

Methyl Carbonate, with a large processing window from 2s to 35s, and a prolonged 

dimethylformamide: dimethyl sulfoxide volume ration varying from 7:3 to 0:10 in the 

precursor solution. The obtained PSCs show remarkable efficiency of 22.08% on rigid 

substrates, and 19.14% on flexible substrates. In a parallel effort, we demonstrate a 

uniform and large-area (6×6 cm2) flexible perovskite film, exhibiting the highest PCE 
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of 18.60%.  

1. Introduction 

organic–inorganic hybrid perovskite solar cell (PSC) have been intensively 

investigated as a promising candidate for the next-generation photovoltaic devices, 

which provided affordable and clean energy with the certified power-conversion 

efficiency (PCE) over 25% [1–3]. This significant progress relies on superior inherent 

properties of perovskite materials such as the high absorption coefficient, long carrier 

lifetimes (up to 30 μs), large carrier diffusion length (>1 μm) and low exciton binding 

energy as well as various methods of depositing perovskite film including vacuum 

vapor deposition and one-step/two-step solution deposition technologies [4–9].  

Among the above methods, one-step antisolvent assisted solution technology is an 

effective and widely adopted approach to obtain a dense and highly crystallized 

solution-processed perovskite film, which is paramount in determining the device 

performances[10–14]. Antisolvent could extract solute from the precursor, thus 

forming a driving force towards the formation of intermediate phase from this 

supersaturated solution [15–19]. The commonly used antisolvents include 

chlorobenzene (CB) [20], toluene (TL) [16] and diethyl ether (DE) [21]. However, 

apart from their toxicity, these antisolvents are facing severe problems, including the 

extremely narrow processing window which is severely relied on two parameters: (1) 

the ratio of DMF/DMSO needs to be precisely optimized within a narrow range for 

different antisolvents. For instance, the proper volume ration for CB is 4:1[22], TL is 
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7:3 [8] and DE is 9:1 [21]; (2) the antisolvent has to be dripped at specific time slot 

(8-10th s) after the spin coating procedure starts. Otherwise, the obtained perovskite 

film show low quality with high roughness, high-density pin-hole, and low coverage, 

seriously limiting the reproducibility of efficient PSCs [19,23–25].  

Various strategies have been employed to prolong the processing window of 

one-step antisolvent method for efficient and large-area PSCs fabrications. Precursor 

addictive methods including methylammonium chloride, diphenyl sulfoxide and 

crown have been reported for enabling a wide antisolvent processing time [26–28]. 

Meanwhile, alternative antisolvents, such as tert-butyl alcohol and anisole, have been 

used to effectively prolong the processing window, owning to the presence of 

intermolecular forces between antisolvent and precursor solvent [15,23,24,29]. 

Nevertheless, few research has revealed the critical mechanism of that super narrow 

processing window based on CB antisolvent, consequently leading to deficiently 

understand the role of solvents and antisolvent in the film forming process [30]. 

In this article, we firstly, systematically investigate the formation of perovskite film 

under different solvents and antisolvents, and then disclose the significant role of the 

typical solvent of DMF in the process of antisolvent washing, with a reasonable 

solvent–antisolvent interaction model. Finally, we have discovered a green antisolvent 

of ethyl methyl carbonate (EMC), with a significantly prolonged antisolvent 

processing window from 2 s to 35 s, as well as a wide dimethylformamide 

(DMF):dimethyl sulfoxide (DMSO) volume ratio varying from 7:3 to 0:10 in the 

precursor solution. We demonstrate perovskite solar cells based on EMC antisolvent 
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that show a maximum PCE of 21.05% and 22.08% for MAPbI3 and 

(MA)x(FA)(1-x)PbI3 on grid glass substrates, respectively. We further demonstrate the 

flexible PSCs with a promising PCE of 19.14% for small-size (1.5×1.5 cm2) devices 

and an average PCE of 16.78% (the highest PCE of 18.60%) for large-area (6×6 cm2) 

devices. We investigate and understand the interaction between solvents and 

antisolvents and derive an important guideline for fabrication of a uniform 

morphology for large-area perovskite solar cells. 

2. Experiment  

2.1 Materials  

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

AD), lead iodide (PbI2 99.99%) (YingKou Libra New Energy Technology Co., Ltd), 

HC(NH2)2I (FAI) and CH3NH3Br (MABr), CH3NH3Cl (MACl), CH3NH3I (MAI) 

(Xi’an Polymer Light Technology Cory.), bis(trifluoromethanesulfonyl) imide 

(Li-TFSI), tert-butylpridine (t-BP), (Sigma–Aldrich), SnCl2· 2H2O (Alfa Aesar) were 

used without further purification. Dimethyl formamide (DMF, 99.8%), dimethyl 

sulfoxide (DMSO, 99.9%), ethyl acetate (EA), chlorobenzene (CB, 99.8%), 

acetonitrile and butanol were purchased from Sigma-Aldrich. EMC, dimethyl 

carbonate (DMC) and diethyl carbonate (DEC) were purchased from Aladdin. FTO 

glasses (FTO, 7 Ω/sq) were purchased from Yingkou You Xuan Trade Co. Ltd. 

2.2 Preparation of SnO2 NCs precursor 

SnO2 NCs Solution was prepared as reported before[31]. Typically, SnCl2·2H2O 

solution (0.1 M) dissolved in butanol containing 5~10% (v %) content of water in a 

flask. Then the solution was stirred at room temperature until becoming transparent. 

Then, the SnCl2·2H2O solution was refluxed at 110oC for several hours with open 

refluxing apparatus. Finally, a yellow and clear colloidal SnO2 NCs solution was 

obtained. 
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2.3 Perovskite Precursor Preparation 

MAPbI3 perovskite precursor:  PbI2 (922 mg) and MAI (320 mg) were 

dissolved in 1.6 ml mixed solvent of DMF and DMSO (7:3 v/v), stirring at room 

temperature for overnight before use. (MA)x(FA)yPbI3 based perovskite precursor: 

PbI2 (742.2 mg), FAI (224.4 mg), MABr (16.2 mg) and MACl (20.3 mg) dissolved 

in1 ml DMSO/DMF (4:1 v/v) mixed solvent, stirring at 50oC for 2 h and keeping 

still for another 4 h before use. 

2.4 Devices fabrication 

 FTO glass or flexible PEN/ITO was sequentially ultrasonically cleaned with 

detergent, deionized water and isopropanol for 15 min separately. All substrates were 

further cleaned by UV-Ozone for 10 min before use. The SnO2 ETLs were deposited 

on substrates by spin-coating SnO2 NCs solution at 3000 rpm for 30 s, followed by 

thermal annealing at 150 °C (for FTO/Glass) or 120 °C (for flexible PEN/ITO) for 0.5 

h to totally remove solvent. Then, the MAPbI3 precursor solution was spin-coated on 

FTO/SnO2 substrates at 500 rpm for 3 s and 4000 rpm for 30s, with antisolvent 

quickly dripped onto the rotating perovskite film at the second spin-coating step. Then 

the films were annealed at 100oC for 10 min. (for MAFA based film: the dissolved 

precursor solution was spin-coated on the FTO/SnO2 or PEN/ITO/SnO2 substrates at 

5000 rpm for 30 s and antisolvent was slowly dripped on the rotating substrate after 

the procedure start. Then the film was heated at 120 °C for 20 min to obtain a dense 

perovskite film. Subsequently, 17 µL HTL solution (72.3 mg spiro-OMeTAD, 17.5 µL 

Li-TFSI solution (520 mg in 1 ml acetonitrile), 28.8 µL t-BP) was spin-coated onto 

the perovskite film at 3000 rpm for 30 s. Finally, Ag electrode was thermally 

evaporated on the device under high vacuum (< 4×10−4 Pa). There are several key 

points in the device preparation process: 1) Control environmental temperature around 

22~24oC when fabricating MAFA based rigid or flexible perovskite film; 2) Large 

(PEN/ITO substrate: 6×6 cm2, active area: 0.07 cm2) and small (PEN/ITO substrate: 

1.5×1.5 cm2, active area: 0.07 cm2) size flexible devices were fabricated using 

reported method[32] to minimize efficiency loss. Typically, before fabricating 
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perovskite solar devices, the cleaned PEN/ITO substrates were fixed on glass using 

double-side tape/epoxy as binders. The flexible devices were peeled off from the glass 

after finishing device fabrication. 

2.5 Calculation method 

 In the theoretical calculation, geometry optimizations were performed using the 

B3LYP exchange-correlation functional with Grimme’s DFT-D3(BJ) empirical 

dispersion correction[33]. The ma-TZVPP basis set was performed, which is the 

“minimally augmented” version of the def2-TZVPP basis set[34][35]. SMD solvation 

model was adopted. The DFT calculations were performed with Gaussian and 

analyzed by Multiwfn [36]. 

3. Results and discussion 

3.1 Interaction between solvents and antisolvents 

With this aim, we systematically designed three groups of experiments to understand 

the necessity of the typical combination between CB and N, N-Dimethylformamide 

(DMF), dimethyl Sulfoxide (DMSO) during the formation of CH3NH3PbI3 perovskite 

film: (1) The usual condition: when DMF and DMSO as solvent (vDMF : vDMSO = 7 : 3) 

and CB as antisolvent dripped at 10th s and 30th s, separately, the “equivalent”-DMSO 

and “rich”-DMSO intermediate phases were correspondingly formed before annealing 

due to the fast evaporation rate of DMF. While after thermal annealing, a 

well-crystallized film with full coverage, and a rough film with poor coverage were 

obtained, respectively, as proved by the same XRD patterns but distinct SEM images 

(Fig. S1) [37]. (2) DMSO redundant condition: when DMF and DMSO as solvent 
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(vDMF : vDMSO = 3 : 7, to increase the DMSO content in wet film) and CB as antisolvent 

dripped at 10th s, we can only get the films containing lots of pin holes (Fig. S2). This 

phenomenon was further confirmed when the volume ratio of DMSO increases to 100% 

(Fig. S3). (3) DMF in antisolvent condition: when DMF and DMSO (vDMF : vDMSO = 7 :3) 

as solvent and the mixture of DMF and CB (vDMF : vCB = 1 :99) as antisolvent, 

processing window was significantly widened along with the formation of well 

crystalized perovskite films, as proved by the same XRD patterns, similar SEM 

images (Fig. S4-5).  

From the above experimental results, the redundant DMSO in the wet film (before 

thermal annealing) is detrimental to the formation of ideal film morphology. Moreover, 

the inadequate DMF in the wet film is responsible for the poor morphology in 

accompany with the narrow processing window. 

According to the recognized perovskite film forming process, antisolvent could 

instantly destroy the intermediate miscible state, forming the immiscibility, and 

evaporate afterwards together with the residue of DMF and DMSO. We thereby 

conducted the density functional theory (DFT) calculation of the interaction between 

CB, DMF and DMSO. From the determined lower binding energy of DMF−DMSO 

(-1.839 kJ mol-1) than CB−DMSO (-1.374 kJ mol-1) and CB−DMF (-1.048 kJ mol-1), 

it suggests that the solvent extraction of DMSO (high boiling point) is primarily 

contributed by DMF. Thus, when CB was added beyond the processing window, more 

DMF (low boiling point) had evaporated, leading to the redundant DMSO left within 

the pre-film, which also explains the phenomenon that the addition of DMF in CB as 
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antisolvent could widen the processing window. Thereby, it is concluded that the 

quantity of redundant DMSO in the pre-film is a crucial factor that determines the 

processing window. 

Hence, we introduce a new green antisolvent ── EMC in order to offset the 

influence by the inadequate DMF, and consequently widen the processing window of 

the antisolvent washing process. Simultaneously, CB and ethyl acetate (EA) were 

comparatively discussed.  Here we designate perovskite films with CB, EA and 

EMC antisolvent treatments as CB-PVK, EA-PVK and EMC-PVK, correspondingly.  

The photographs of the perovskite films prepared by three antisolvents at various 

dripping time (5th ~ 40th s) were compared. As shown in Fig. 1a, at the range of 5th ~ 

40th s, the dripping of antisolvent gives a black-mirror surface for EA and EMC 

antisolvent treatments, while the processing window for CB antisolvent was limited 

due to the formation of gray black and rough morphology. Their morphologies were 

further examined by scanning electron microscopy (SEM), as shown in Fig.1b and Fig. 

S6. The perovskite films display distinct morphologies when antisolvent dripped at 

25th s, with the formed CB-PVK exhibiting messy crystalline blocks with large 

pinholes, and EA-PVK showing a rough morphology with obvious bumps possibly 

due to the excessively fast antisolvent evaporation [17,18]. In contrast, the EMC-PVK 

gives a dense and uniform surface. Those morphologies were further confirmed by 

atomic force microscopy (AFM) and X-ray diffraction (XRD) shown in Fig. S7-8 

Thereby, in comparison with CB and EA, we conclude that EMC presents a wider 

processing window along with the formation of an ideal morphology.  
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Fig. 1. Antisolvent processing window. (a) Optical photograph of the perovskite films prepared 

by three antisolvents at various dripping time. (b) SEM images of the perovskite films prepared by 

three antisolvents dripped at 25th s. (c) Scheme of the antisolvent assisted spin-coating process, all 

scale bars are 200 nm. 

Consequently, we further proposed a solvent−antisolvent interaction hypothesis as 

illustrated in Fig. 1c. Generally, the spin-coating process includes three steps: (1) the 

physical solvent removing driven by centrifugation; (2) antisolvent dripping and (3) 

solvent evaporation. The narrow processing window of CB (~at 10th s to fabricate a 

dense and mirror−black perovskite film) is mainly attributed to the fast-changing 

system state. When CB was added before 10th s, too much solvent was left in the 
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system to fulfill the rapid oversaturation; while if CB was dripped after 10th s, the 

inadequate residual DMF, due to its much faster evaporation rate compared with that 

of DMSO, could not completely extract the excess DMSO. Thus, the uncoordinated 

free DMSO in the pre-film would lead to the formation of inhomogeneous perovskite 

film with irregular stains 29–31. However, EA and EMC antisolvents could wash 

uncoordinated DMSO out of the film owning to the intermolecular interaction 

between DMSO and their ester groups, resulting in a wider antisolvent processing 

window.  

To verify this hypothesis, we further prepared perovskite films with pure DMSO as 

solvent and CB, EA or EMC as antisolvent (dripped at 10th s), respectively. From the 

photographs and SEM images of these perovskite films (Fig. S9), we observed 

considerably distinct morphologies, namely dense and uniform morphology for 

EA-PVK and EMC-PVK, but rough and pinholes for CB-PVK, suggesting that 

without the presence of DMF, EMC and EA can still extract the excess DMSO, but 

CB cannot.  

DFT calculation was conducted to understand the interaction between solvents and 

antisolvents.  Fig. 2a presents the binding energy of the dimer complexes, where the 

EMC−DMSO dimer complex shows the strongest interaction. The electron density 

difference maps in the inset of Fig. 2a and Fig. S10-11 (see detailed analysis in 

Supplementary Note 1) also illustrate the most charge transfer between the EMC and 

DMSO molecules, indicating the strongest interaction. In addition, the H-bond 

binding energies of EMC−EMC, EMC−DMF, EMC−DMSO dimer complexes based 
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on electron density at bond critical point corresponding to H-bond were calculated 

(Fig. S12-13 and Supplementary Note 2), which proves that the strong EMC−DMSO 

interaction is attributed to the multi hydrogen bonds. On the other hand, the binding 

energy of EMC−DMF interaction in Fig. 2a is lower than that of DMF−DMF or 

EMC−EMC interaction, demonstrating that EMC antisolvent also has a good 

compatibility with DMF solvent.  

Subsequently, the interactions of EMC−DMSO and EMC−DMF were also 

evaluated by Fourier transform infrared (FTIR) measurements based on EMC, DMF, 

DMSO and mixed solvents systems. As shown in Fig. 2b and Fig. 2c, the feature at 

1283 cm−1 of EMC is attributed to the C−O stretching vibration, which shifts to lower 

wavenumbers (1280 cm−1 and 1277 cm−1) for both EMC−DMF and EMC−DMSO 

mixed solvent systems, respectively. Accordingly, the feature at 1763 cm−1 assigned to 

its C=O stretching vibration shifts bathochromic to 1749 cm−1 and 1746 cm−1, 

determining the strong intermolecular forces between EMC and DMSO/DMF [24,40]. 

In contrast, the FTIR peak has no shift for CB−DMF and CB−DMSO systems (Fig. 

S14), suggesting the weak interaction between CB and DMF/DMSO. Then 

theoretically, the infrared spectra of the antisolvent−solvent were calculated (Fig. 

S10-11), which is consistent with the experimental FTIR results. Moreover, the 

calculated bond strengths of C−O and C=O bonds (Fig. S15-16, Table S1-2 and 

detailed analysis in Supplementary Note 3）further validate the strong interaction 

between EMC with DMSO and DMF solvent.  

Thus, we can chiefly understand that the quantity of DMF is critical during the 
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DMSO evaporation process which explains the narrow processing window based on 

CB antisolvent. For new antisolvent such as EMC, the interaction with DMF and 

DMSO, especially DMSO, could help to effectively extract the solvent and form a 

continuous and well-crystallized morphology, which plays a crucial role in widening 

the processing window.  

 

Fig. 2. Interaction between solvent and antisolvents. (a) Binding energies of dimer complexes 

based on the DFT calculation. The blue (red) column denotes the complex that the C−O (C=O) of 

EMC molecule is close to another molecule. Electron density difference maps of EMC+DMF and 

EMC+DMSO dimer complexes are displayed. The green and blue regions represent electron 

accumulation and depletion, respectively. (b) and (c), FTIR at low and high wavenumber for 

solvents and antisolvents.  

3.2 Influence of antisolvents on the properties of perovskite films 

To discuss the effects of antisolvent on the film properties, we have systematically 

investigated the electronic and trap states for three perovskite films. The band gap and 

valance/conduction band of CB-PVK, EA-PVK and EMC-PVK (estimated by 
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ultraviolet−visible spectroscopy (UV−vis) and ultraviolet photoelectron spectrometer 

(UPS) in Fig. S17 show approximately equal and the negligible influence of 

antisolvent on electronic structures. While, except for EA-PVK with a peak shift of 

0.2 eV Pb 4f , suggested by X-ray photoelectron spectra (XPS), which is related to the 

iodide vacancies formed during the rapid crystallization process [41,42], no obvious 

difference was observed for CB-PVK and EMC-PVK (Fig. S18)..  

The trap density of these perovskite films were further assessed by 

space-charge-limited current (SCLC) measurement based on the electron-only and 

hole-only devices [43,44]. Calculated from Fig. 3a-b, the EMC-PVK presents both 

lower hole-trap density (1.80×1016 cm−3) and electron−trap density (0.48×1016 cm−3) 

comparing with those of CB-PVK (1.98×1016 cm−3 and 0.61×1016 cm−3) and EA-PVK 

(2.16×1016 cm−3 and 1.49×1016 cm−3). The corresponding stronger photoluminescence 

(PL) of EMC-PVK than those of EA-PVK and CB-PVK (Fig. 3c) could deduce the 

smaller non-radiative recombination in EMC-PVK, and well matches with its lower 

trap density [12,45,46].  

The time-resolved photoluminescence (TRPL) spectra explained the recombination 

details, fitted by biexponential decay function with PL lifetime (τ) using equation 

of  y = 𝑦0+ 𝐴1𝑒
−𝑡

𝜏1   ⁄ + 𝐴2𝑒
−𝑡

𝜏2 ⁄ , in which the fast decay-time (τ1) represents the 

non-radiative recombination and slow decay-time (τ2) represents the radiative 

recombination from perovskite[47]. The longer τ1 of EMC-PVK (6.87 ns) than 

CB-PVK (5.44 ns) and EA-PVK (4.27 ns) has been interpreted as a smaller 

non-radiative recombination, while its much longer average PL lifetime (τ2) (62.19 ns) 
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compared with that of CB-PVK (36.77 ns) and EA-PVK (31.06 ns) indicates a 

high-quality EMC-PVK film (Fig. 3d and Table S3) [48,49]. 

 

Fig. 3. Influence of antisolvents on the properties of perovskite films. (a) and (b) Electron-only 

and hole only SCLC curves. (c), (d) PL and TRPL of EMC-PVK, CB-PVK and EA-PVK. 

3.3 Perovskite Solar Cells Performance 

To thoroughly evaluate the photovoltaic performance of the obtained perovskite films 

from three kinds of antisolvent (dripped at 10th s), the PSCs with a planar device 

configuration of FTO/SnO2/Perovskite/spiro−OMeTAD/Ag were fabricated [50]. The 

current density–voltage (J−V) curves with the parameters of the best PSCs are 

presented in Fig. 4a. The PSC using EMC-PVK exhibited a champion PCE of 21.05% 

along with open-circuit voltage (VOC) of 1.17 V, current density (JSC) of 22.61 mA 

cm−2 and fill factor (FF) of 79.85%, which significantly outperforms its counterparts 
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with PCE of 20.18% for CB-PVK (VOC of 1.15 V, JSC of 22.43 mA cm−2 and FF of 

78.08%) and 18.58% for EA-PVK (VOC of 1.11 V, JSC of 22.07 mA cm−2 and FF of 

75.69%).  

The external quantum efficiency (EQE) measurements were carried out to confirm 

the JSC of devices. The integrated JSC (Fig. 4b) for the PSCs based on CB, EA and 

EMC antisolvents treated perovskite were 21.17, 21.21 and 21.63 mA cm-2, 

respectively, which matches well with the JSC obtained from J−V curves. Moreover, 

the steady-state output validates their photovoltaic performances, with a 

corresponding stabilized PCE (obtained at the maximum power point) of 20.20%, 

18.10% and 17.43% for EMC-PVK, CB-PVK and EA-PVK based cells, respectively 

(shown in Fig.4c). 

To study the reproducibility, 23 independent cells of each antisolvent-treated PSCs 

were fabricated, with the statistic device parameters presented in Fig S19. The 

average PCE of EMC-PVK based PSCs was 19.45 ± 0.82 % with VOC of 1.15 ± 0.01 

V, JSC of 21.92 ± 0.69 mA cm−2 and FF of 76.99 ± 1.40 %, which surpassed its 

counterparts with PCE of 18.78 ± 0.84 % (VOC of 1.14 ± 0.2 V, JSC of 21.82 ± 0.52 

mA cm−2 and FF of 75.43 ± 2.42%) and 16.16 ± 0.81% (VOC of 1.05 ± 0.02 V, JSC of 

20.78 ± 0.92 mA cm−2 and FF of 73.24 ± 3.39%) for CB-PVK and EA-PVK based 

cells, respectively. The higher PCE for EMC-PVK based devices mainly comes from 

the enhanced VOC and FF. Meanwhile, its smaller deviation indicates that the 

EMC-PVK has a superior film with excellent device reproducibility. 
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The enhanced PSC performances were analyzed by the electrochemical impedance 

spectroscopy (EIS) to investigate the charge transporting dynamics. The Nyquist plots 

of these three kinds of PSCs give a similar internal series resistance (Rs) of 10.55, 

12.51, 9.38 Ω for CB, EA and EMC-treated devices, respectively (Fig 4d). While 

regarding to the charge transport resistance (Rtr), the EMC-PVK based cell gave the 

lowest value (39.59 Ω) compared with that of CB-PVK and EA-PVK based cells 

(58.13 and 141.15 Ω), suggesting a more efficient charge transporting process in 

EMC-PVK based cells [51].  

The large processing window of EMC antisolvent was also verified by fabricating 

PSCs with antisolvent (CB, EA and EMC) dripped at 5th s, 10th s, 20th s, 30th s, 40th s, 

respectively. From the average PCE shown in Fig. 4e and Table S4, PSCs processed 

by EMC antisolvent showed nearly similar average value in the range of 

19.1%~19.4%, showing a wide dripping window from 5~40th s, in sharp contrast with 

the PSCs processed by CB, whose average PCE exhibits a significant drop from 18.5% 

(dripped at 10th s) to 15.2% (dripped 40th s). In addition to the antisolvent dripping 

time window, we have also carefully investigated the influence of DMF/DMSO ratios 

on device performance. In comparison, a series of ratios (7:3, 5:5, 3:7 and 0:10) of 

DMF/DMSO are used in perovskite precursor, then perovskite film is fabricated with 

CB and EMC antisolvent treatment respectively (Fig. 4f, Fig. S21 and Table S5). The 

devices fabricated with EMC exhibit outstanding efficiencies in the range of 

19.14%~20.25%. However, the PCE of CB treated devices significantly decrease 

from 19.88% (vDMF : vDMSO = 7:3) to 7.67% (vDMF : vDMSO = 0:10). Those results suggest 
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EMC is not sensitive to the precursor solution compositions, in contrast to CB. 

Furthermore, the stability of the unencapsulated PSCs based on CB-PVK, EA-PVK 

and EMC-PVK was examined over two-weeks at the humidity around 35%, with 

PCEs showing a downward trend. In Fig. S22, the monitored PCEs show a similar 

downward trend. 

To demonstrate the versatility of EMC in the perovskite films forming process, we 

further developed (MA)x(FA)(1-x)PbI3 and (Cs)x(MA)y(FA)1-x-yPbI3 based PSCs with 

the device structure configuration of FTO/SnO2/perovskite /spiro-OMeTAD/Ag. As 

expected, similar J-V parameters ((MA)x(FA)(1-x)PbI3 based cells) were obtained when 

EMC dripped at 9th s, 17th s and 25th s, respectively (Figure S23), implying the 

universality of EMC antisolvent to widen processing window. Furthermore, the 

devices processed by EMC antisolvent achieved a satisfied PCE of 21.40% and 20.72% 

with respect to (MA)x(FA)(1-x)PbI3 and (Cs)x(MA)y(FA)1-x-yPbI3 based solar cells. 

 

Fig.4. Performance of PSCs. (a) J–V curves with the inset showing detailed parameters. b) EQE 
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(left panel) and current density (right panel). (c) Steady PCE and current density at a constant bias 

voltage at Vmp. (d) Nyquist plots of the devices. (e) The average PCE of devices with different 

antisolvents dripped at different time. (f) Device performance prepared with different ratio of 

DMF/DMSO as precursors. 

3.4 Large-area flexible solar cells 

EMC has shown the great potential in widening the processing window of antisolvent, 

thereby presenting the promise of the fabrication of large-area flexible PSCs. We have 

fabricated flexible perovskite cells on a 6×6 cm2 flexible PEN substrate and divided it 

into 54 subshells (active area: 0.07 cm2) (shown in the insert of Fig. 5a). The PCE 

values of these 54 PSCs were summarized in Fig. 5a. The calculated average 

efficiency is 16.78% in the range from 15.30% to 18.60%, with a standard deviation 

of 0.81, revealing the good uniformity of large-area perovskite film. The 

corresponding small-size (1.5×1.5 cm2) device gave a PCE of 19.14%, VOC of 1.07 V, 

JSC of 23.27 mA cm−2 and FF of 76.70% as shown in Fig. 5b. 

Besides, the mechanical stability of flexible device was estimated under different 

bending curvature radii for 500 cycles. Fig. 5c shows the mechanical stability of 

flexible device versus different curvature radius plots, with inset exhibiting the 

corresponding chord distance measured by a Vernier caliper. Overall, the fabricated 

devices exhibit good mechanical stability, that 80% of its initial PCE was remained 

after accumulatively bending 2500 times. 
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Fig. 5.  Flexible PSCs performance. (a) Flexible perovskite cells based on 6×6 cm2 flexible 

substrate (active area: 0.07 cm2). (b) The best J–V curves of flexible devices with 1.5×1.5 cm2 

substrate. (c) The normalized PCE at different bending curvature radii after 500 cycles at each 

curvature radii.  

4. Discussion 

In summary, we have introduced an green antisolvent of EMC, which significantly 

widens solvent (DMF: DMSO) ratio varying from 7:3 to 0:10 in the precursor 

solution, as well as antisolvent processing window from 2 s to 35 s. Based on EMC 

antisolvent, we have achieved a maximum PCEs of 21.05% and 22.08% for MAPbI3 

and (MA)x(FA)(1-x)PbI3 absorber devices, respectively. We further demonstrate the 

flexible PSCs with a promising PCE of 19.14% for small-size (1.5×1.5 cm2) devices 

and an average decent PCE of 16.78% (the highest PCE of 18.60%) for large-area 
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(6×6 cm2) devices. Moreover, a series carbonate antisolvents–Dimethyl Carbonate 

(DMC) and Diethyl Carbonate (DME) were discussed in the Supplementary 

Information, also presenting a desirable performance. Fig. S24−26 show black-mirror 

and dense perovskite film with carbonate antisolvents dripped at different time. Fig. 

S27 shows good film crystallinity and the XPS spectra shown in Fig. S28 indicate 

similar electronic structure of DMC and DME based perovskite film. Fig. S29 shows 

good reproducibility of efficient PSCs treated with DMC and DME antisolvents. 

In parallel, the formation of perovskite film under different solvents and 

antisolvents was systematically investigated. We demonstrate the significant role of 

the typical solvent of DMF in the process of antisolvent washing, and demonstrate a 

solvent–antisolvent interaction model to help understand the originality of narrow 

processing window based on chlorobenzene (CB). Finally, we can deduce that, the 

strong interaction between solvent and antisolvent is an important and effective way 

to give a uniform morphology with wide antisolvent processing window for large-area 

perovskite solar cells. 
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