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Abstract: Solution processable perovskite solar cells (PSCs) are one of the most promising 

candidates for commercialization. However, the perovskite film preparation method is limited by 

the mandatory anti-solvent process under inert gas atmosphere which significantly influenced its 

mass production. In this study, we developed a perovskite film preparation without the requirement 

of anti-solvent dripping in air. We employed various solvents to prepare perovskite film and study 

their influence on perovskite nucleation and morphology for respective solvents. Among them the 

perovskite prepared using dimethylacetamide (DMAc), which has low solubility and high 

interaction with PbI2, demonstrated highly crystalline perovskite black phase without anti-solvent 

dripping.  Furthermore, we found that perovskite concentration played an important role in the 

perovskite film quality, where the high concentration DMAc based perovskite produced smooth 

and dense perovskite film by antisolvent free method in air. PSCs fabricated using this technique 

delivered champion power convert efficiency (PCE) of 20.1%. At the same time, the best device 

prepared by blade coated method also gets 18% PCE. Moreover, the unencapsulated devices 

exhibited excellent stability which retained more than 90% its initial efficiency after 47 days in 

air. This work provides a facile and cost-effective method towards a controllable fabrication of   

high-performance anti-solvent free MAPbI3 based solar cells. 

 

Keywords: Anti-solvent free; dimethylacetamide; thickness control; large-area perovskite film 

preparation.  
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1. Introduction 

        In this rapid industrial period, the photovoltaic (PV) devices provide sustainable clean energy 

and contributed significantly to satisfy the global energy demands and environmental concerns.1-3 

Among various solar cells, perovskite solar cells have attracted the attention of researchers and PV 

industries because perovskite has excellent light harvesting,4-5 remarkable optoelectronic 

properties,6-7 small exciton binding energy and superior optoelectronic properties,8 as a result, the 

PSCs devices PCE swiftly increased from 3.8% to over 25% in the past decade.9-11   

        However, PSCs devices demonstrated significantly high performances the perovskite layer 

preparation required complicated and time accurate anti-solvent dripping by an anti-solvent to 

remove the excess solvent and accelerate the crystallization of perovskite.12-13 The anti-solvent 

type, amount and dripping time significantly influences the perovskite crystallinity and 

morphology and this is one of the major obstacles to reproduce lab results.14 Moreover, the 

perovskite film processed in N2 glove box. Generally, in the ordinary PSC fabrication by one-step 

procedure the perovskite layers were prepared under N2 glove box by spin coater and with anti-

solvent dripping. 15-16 The traditional solvents used to prepare perovskite precursor such as N, N-

Dimethylformamide (DMF), dimethyl sulfoxide (DMSO), and gamma-Butyrolactone (GBL) are 

required anti-solvents such as chlorobenzene, diethyl ether and ethyl acetate to achieve 

homogenous and crystalline black perovskite and their fabrication process carried out in N2 

glovebox.17-20 In most cases, when the devices fabricate in air, moisture and oxygen are interfered 

in the fabrication process and the devices couldn’t survive for long which hampers the mass 

production and real application of the PSCs that makes the PSCs impact limited in lab. Some 

efforts were discovered to improve the air fabricated perovskite stability such as doping of Rb, Cs, 

Br and Cl ions.21-26 These ions interaction with the perovskite components and passivated the 



uncoordinated Pb2+ and halide ions, however, still the PCE was lower than the perovskite prepared 

in N2 condition. Therefore, it is an urgent task to develop a new perovskite fabrication pathway to 

fabricate perovskite film in ambient air without the need of anti-solvent.  

        The perovskite morphology comprises polycrystalline structure as a result there are 

substantial grain boundary defects. Besides adding other component in perovskite precursor to 

passivate the defects, using excess lead iodide (PbI2) or methylammonium iodide (MAI) or 

formamidinium iodide (FAI) could self-passivate and reduce recombination losses at grain 

boundaries.27-28 Regrettably, some reports demonstrated that the unbalance stoichiometric ratio in 

the perovskite layer is detrimental to the overall device stability.   

        Recently, spin coating of self-volatilization solvent-based perovskites has drawn enormous 

research interest to realize anti-solvent free perovskite films.29-31 Such solvents, have low boiling 

point, and high vapor pressure, such as, 2-methoxyethanol (2-ME), methylamine (MA) ethanol, 

acetonitrile (ACN), with polar aprotic solvents perovskite prepared with such mixtures could 

produce high-quality perovskite film without the need of anti-solvent.32-34 The reason is during 

spin coating process the self-volatilization solvents rapidly evaporate and the solution will reach 

supersaturation rapidly and formed nuclei. Later, the wet film will convert to the solid perovskite 

black phase entirely through crystal growth. Unfortunately, self-volatilization solvent-based 

perovskites have a common disadvantage, the nucleation rate is too quick, leading to formation of 

low coverage and defective perovskite film. As a result, self-volatilization solvent must mix with 

solvents capable of strongly interacting with perovskite precursors to form an intermediate phase 

and delay the rate of nucleation to achieve homogenous and compact perovskite morphology.  

        DMAc is a homologues solvent with DMF, as a result, DMAc can be an alternative suitable 

solvent to prepare perovskite precursor.35-37 DMAc besides dissolution it could form reaction with 



the PbI2. The O atoms in DMAc could combine with Pb atoms to form covalent bond, the bonding 

energy is lower than Pb-O in DMF, because DMAc has a weaker polarity than DMF, the 

coordination between DMAc and PbI2 is lower than that of DMF and PbI2,
38 When CH3NH3I 

dissolved in DMAc, they connect through hydrogen bonding, it’s between O-C bond ant the N-H 

bond, when CH3NH3I and PbI2 dissolve in DMAc in the same time, the Pb-O bonds between PbI2 

and DMAc is replaced by hydrogen bonds, due to the weak interaction between PbI2 and DMAc, 

supersaturation of CH3NH3
+ around the PbI2 crystal lattice, CH3NH3I and PbI2 will self-assemble 

to form CH3NH3PbI3, the organic cation easily inserts into the soft Pb-I framework and promote 

perovskite grain growth and enhances crystallinity.39-41 And the stabilization energy between 

DMAc and CH3NH3PbI3 is smaller than it between DMF and CH3NH3PbI3, which means 

CH3NH3PbI3 is easier escape from DMAc without antisolvent.35 Moreover, due to the interaction 

of DMAc and perovskite the neighboring perovskite grains crosslinked where the acetamide stayed 

at the grain boundaries and passivated the local shallow-level defects.42 During spin coating 

process, perovskite begins to nucleate as DMAc is removed, and in the same film fabrication 

process, the low concentration of perovskite precursor results in low concentration of the nucleus, 

this will lead to low surface coverage films.38 Therefore, the different concentration perovskite 

precursors to get a compact perovskite film need to be investigated. 

        Herein, we employed DMAc solvent to fabricate high quality anti-solvent free self-passivated 

perovskite film in air.  We found that perovskite films prepared from high concentration perovskite 

in DMAc exhibited homogenous grain growth and enhanced crystallinity as a result thick and 

homogenous perovskite films formed. PSCs fabricated using high concentration DMAc (2.12 mM). 

delivered a champion PCE of 20.1% on anti-solvent free MAPbI3 based device. Furthermore, we 

employed blade coater to fabricate large area perovskite films from the DMAc-based perovskite 



precursor and an outstanding performance of 18% PCE achieved. Our results clearly suggest 

DMAc is a promising solvent to fabricate homogenous compact perovskite films in air and could 

be implemented to fabricate high large area and could be employed photovoltaic devices. 

 

2. Experimental procedures 

2.1 Materials 

        Fluorine-doped tin oxide (FTO)-coated glasses purchased from Advanced Election 

Technology Co, Ltd. The tin (IV) oxide (SnO2), 15% in H2O colloidal dispersion, DMAc were 

obtained from Alfa Aesar. 2ME, DMF, chlorobenzene (CB), acetonitrile, 2,2,7,7-tetrakis-(N, N-

di-p-methoxy[henylamine]-9,9 spirobifluorene (spiro-OMeTAD, 99%) were acquired from 

Sigma-Aldrich, PbI2, bi(trifluoromethane) sulfonimide lithium salt (Li-TFSI, 99%) were 

purchased from TCI, 4-tert-butylpyridine was obtained from Accela. FK 209 Co(III) TFSI salt and 

Methylamine iodide were purchased from Great Solar Australia Pty. 

 

2.2 Devices fabrication 

        The FTO glass substrates were washed by detergent, DI water, acetone, and isopropyl alcohol 

sequentially in a sonication bath for 15 min. Then the subtracts were dried by flowing dry air and 

followed by 45 min UV ozone treatment. The SnO2 aqueous colloidal dispersion was diluted with 

deionized water in a volume ratio of 1:3, then spin-coated on the substrates at 7000 rpm for 30s, 

followed by annealing at 150 ⁰C for 30 min by a hotplate to form the compact SnO2 films. 

Subsequently, the FTO/SnO2 films were UV ozone for 5 min and different concentration 

perovskite precursor were spin coated on it at 6000 rpm for 30 s to form perovskite films, then 



annealed at 100 ⁰C for 30 min. The control perovskite precursor solutions were prepared by 

dissolving 1.06 mM MAI and 1.06 mM PbI2 in 1 ml DMAc/2-ME/DMF as 1 times. Consecutively, 

we prepared 1.25 times, 1.5 times, 1.75 times, and 2 times perovskite precursor solution with a 

concentration of 1.325 mM, 1.59 mM, 1.855 mM, and 2.12 mM, respectively. If over 2 times, it 

couldn’t fully dissolve to make devices. After that, the hole transport layer solution which contain 

90 mg spiro-OMeTAD, 22.5 µl Li-TFSI (550 mg of Li-TFSI in 1 ml acetonitrile), 39 µl 4-tert-

butypylridine and 10 µl Co(III)TFSI (375 mg Co(III) TFSI in 1 ml acetonitrile) all dissolved in 1 

ml chlorobenzene was spin coated on the top of perovskite films with 4000 rpm for 30 s. Finally, 

a 50 nm thick Au electrode was deposited on top. The active aperture area of the devices is 0.085 

cm2 decided by the masks. For the blade coated perovskite device, the SnO2, MAPbI3, and Spiro-

OMeTAD films were prepared by blade coating at a speed of 20 mm/s, 1.5 mm/s, and 2.5 mm/s, 

respectively. To accelerate the film drying and crystallization of perovskite film, a 40 psi N2-flow 

was introduced during blading the MAPbI3 layers. All the blade-coated films including SnO2, 

MAPbI3 and spiro-OMeTAD are blade-coated at room temperature without prewarming. All the 

processes were operated in air (temperature ~ 30⁰C, RH < 20 %).    

 

3. Characterization 

        The characterization of perovskite and modified perovskite films was performed by X-ray 

diffraction (XRD), ultraviolet-visible (UV-Vis), scanning electron microscopy (SEM), 

photoluminescence (PL), time-resolved photoluminescence (TRPL), X-ray photoelectron 

spectroscopy (XPS), grazing-incidence wide-angle X-ray scattering (GIWAXS), electrical 

impedance spectra (EIS), and all I-V, external quantum efficiency (EQE) measurement were done 



using the apparatus described in previous work. All the devices were characterized without 

encapsulation.43-45 Dynamic light scattering (DLS) was performed on Litesizer 100. 

 

4. Results and discussion 

4.1 Precursor solvent effect on perovskite films 

        Nowadays, the solution processing methods are the most popular method to prepare 

perovskite films because of their low cost and facile fabrication.46-48 However, to prepare the 

perovskite precursor solution there are limited number of solvents. The solvent must have 

sufficient polarity to dissolve the perovskite precursor in our case PbI2 and MAI.49-51 Additionally, 

the solvent vapor pressure, boiling point, viscosity, and related properties could influence the 

perovskite crystallization and morphology.36, 52 When highly volatile solvent used the evaporation 

rate is too rapid and controlling the crystallization is difficult.29 On the other hand, when non-

volatile solvents employed to prepare the perovskite anti-solvent is required to achieve the required 

homogenous crystalline perovskite. Therefore, choice of precursor solvent plays a critical role in 

perovskite film formation and perovskite morphology.  

        In general, 2-ME is the most common solvent used to fabricate perovskite film without anti-

solvent, however, perovskite precursor prepared by DMF solvent required anti-solvent. Here we 

employed DMAc, one of the homologue solvents of DMF to fabricate anti-solvent free perovskite 

layer and we critically studied the why DMAc is a suitable and promising solvent to fabricate 

perovskite in anti-solvent free method. First, we investigated the solubility of PbI2 in 2-ME, DMF, 

and DMAc solvents (1mM PbI2 in 1mL respective solvent).  The solubility tests confirmed that 

PbI2 is hardly reacted with 2-ME, where the PbI2 settles at the bottom of the vial after shaking by 



high-speed vortex for 2 hours (see the inset photographs in Figure S1). Unlike 2-ME, both DMF 

and DMAc reacted with the PbI2 and formed intermediates which are clearly presented in Figure 

S1. Second, we studied the XRD of PbI2 in 2-ME, DMF and DMAc and compared with the 

standard single crystal PbI2 (JCPDS #07-0235) where only diffraction peaks from the PbI2 has 

detected without intermediate phase formation when 2-ME employed which directly supported 2-

ME doesn’t dissolve PbI2. On the other hand, the PbI2 completely dissolved in DMF, the solution 

color turn to yellow, and the XRD exhibited a DMF-PbI2 intermedia phase about 2-theta (9.05 and 

9.6 degree). However, the DMAc solvent is reacted with the PbI2 and formed white precipitate not 

clear yellow solution like DMF. The XRD of the DMAc-PbI2 demonstrated the formation of 

intermediate phase similar with DMF-PbI2 which showed the PbI2 is soluble in DMAc, but its 

solubility is lower than DMF. In order to get clearly perovskite solution, MAI been added in these 

vials, it will connect with PbI2 or DMF-PbI2 or DMAc -PbI2 intermedia phase, the precipitate will 

dissolve and form colloidal perovskite in these solvents. 

        Figure 1 exhibited the SEM surface morphology of various concentration perovskite precursor 

prepared perovskite films based on 2-ME, DMF and DMAc solvents. Figure 1a-1c and Figure 1d-

f displayed MAPbI3 films when the concentration is 1 times and 2 times, respectively.  Figure 1a 

showed perovskite film prepared with 2-ME perovskite precursor, where non-homogenous multi-

layer and pin hole containing perovskite morphology formed. Figure 1b showed the morphology 

of perovskite film when DMF is employed to prepare the precursor solution in which a single layer 

film with rod shape structure formed, consequently, the perovskite coverage is limited where large 

area of the FTO exposed in the SEM monograph. Figure 1c showed the perovskite film 

morphology when the perovskite precursor is prepared by DMAc solvent, smaller perovskite 

grains formed. Unlike the DMF, the DMAc 1 times morphology demonstrated better film coverage, 



however still voids are present in the film. When the concentration double (2 times) the film 

coverage for all solvents improved. When 2-ME employed to prepare the perovskite solution the 

perovskite grain size increased, number of voids decreased substantially (Figure 1d). We didn’t 

observe significant morphology improvement when the perovskite concentration doubles and 

prepared with DMF solvent (Figure 1e).  Surprisingly, homogenous pinhole free perovskite 

morphology is achieved when the perovskite precursor concentration doubles and prepared by 

DMAc solvent (Figure 1f). We concluded that high concentration perovskite dissolve in DMAc is 

suitable to produce highly uniform and homogenous perovskite film without antisolvent. 

 

Figure 1. the surface SEM images of different concentration prepared perovskite films based on 2ME, DMF and 

DMAc precursor solution. a. 1 times 2ME; b. 1 times DMF; c. 1 times DMAc; d. 2 times 2ME; e. 2 times DMF; f. 2 

times DMAc. 



UV-vis and XRD of the perovskite films were using to further investigate the property of 

these films prepared from different solvents. The UV-vis of perovskite films prepared from 2-ME, 

DMF and DMAc 1 times and 2 times are presented in Figure S2. The absorption onset of the 

perovskite did not change due to the solvents.  Obviously, the low concentration-based perovskite 

absorption intensity is weak, and when the precursor concentration doubled (2 times) the 

absorption of perovskite increased when 2-ME and DMAc were employed to prepare the 

perovskite precursor which is related with the formation of dense layer. However, 1 times and 2 

times DMF based perovskite layer didn’t exhibited absorption intensity shift in both cases the 

morphology continues significant voids. Furthermore, in the 2 times 2-ME and DMF based- films 

the UV-vis spectra baseline is much higher than the low perovskite concentration-based films 

which indicated the formation of very rough surface. Interestingly, even in high concentration, 

DMAc prepared perovskite UV-vis baseline in a lower intensity, which implied smooth perovskite 

morphology is formed by the DMAc-based perovskite precursor. As a result, the 2 times DMAc 

film produced a high-quality smooth and pinhole free perovskite film. Thus, from Figure S3 could 

see that the low concentration DMF-solvent based perovskite film we have observed the 

intermediate peak still remained after annealing 100 ⁰C for 30 min, however, for 2 times DMF-

based films, the intermediate peaks completely disappear which is related with when the perovskite 

concentration increase, the proportion of the DMF reduced as a result solvent escape time 

decreased. For 2-ME prepared perovskite, both concentration films show PbI2 peak around 12.9 

degrees, but the corresponding as-prepared wet films showed in Figure S4 has no PbI2 peak, which 

indicated that the pure 2-ME prepared perovskite films are not-thermally stable, and they could 

easily decompose during annealing. The 1 times DMAc film also has shown the PbI2 peak, because 

the perovskite film is thin, MAI might decompose during annealing, however, when the 



concentration of perovskite increased to 2 times, the PbI2 peak completely disappeared. Then, 

turning to the element in the perovskite, in Figure S5a, the X-ray photoelectron spectroscopy (XPS) 

for these films. The peaks around 142 and 137 eV were assigned to 4f 5/2 and 4f 7/2 of divalent Pb2+, 

respectively. The 2 times DMAc sample shift to higher binding energies at 142.5 and 137.7 eV, 

Figure S5b, I 3d peak around 630 and 618.5 eV were assigned to 3d 3/2 and I 3d 5/2, respectively, 

DMAc sample also have a red shift for all the peaks. The peaks shift of Pb 4f and I 3d to higher 

binding energy indicates that the perovskite has higher interaction with DMAc than DMF and 2ME. 

 

4.2 Concentration effect on DMAc prepared perovskite films 

        We studied the influence of various concentrations of DMAc precursor-based perovskite film 

using UV-Vis and XRD (Figure 2a-b), Figure 2a showed the UV-vis absorption spectra of the and 

annealed (100 ⁰C for 30 min) perovskite films at different precursor concentration. All the 

perovskite films showed an absorption onset at 780 nm. The absorption coefficient, α, is calculated 

by the following formula:  

𝛼 =  2.303
𝐴

𝑡
                                                                                                                  (equation 1) 

A is absorbance; t is thickness.53 According to Figure S10, the thickness of 1 time and 2 times 

perovskite films are 100 nm and 600 nm, respectively. Then the α for 1 times perovskite film is 

1.398*105 cm-1, and 5.0205*104 cm-1 for 2 times perovskite film at 750 nm, which means most of 

incident light can be absorbed by both perovskite films, this is consistent with the literature 

report.54-55 We also measured UV-Vis spectra and XRD for wet perovskite films prepared by 

different concentration precursor solutions (Figure S6a-b). The wet and annealed perovskite films 

showed similar features in our system, which is also shown in 2D GIWAXS patterns of 1 times 



and 2 times DMAc based wet films (Figure S6 c-d).  The film crystallinity for all concentrations 

improved when the perovskite film was annealed at 100 ⁰C which is evidenced with the ratio of 

perovskite peak at 14 degree and FTO glass peak at 26.3 degree of the respective layers (Figure 

S7). Intriguingly, a champion PCE of ~15% (Figure S8) was achieved using wet 2 times perovskite 

films perovskite films which demonstrated our system has a huge potential to fabricate antisolvent 

free and annealing free perovskite films. DLS was employed to study the size distribution of 

different concentration perovskite precursors (Figure S9), in which the peak around 5 nm is 

assigned to Pb-I individual octahedrons, the peak around 1000nm is assigned to the soft complex.56 

With the concentration increase, the peak around 5 nm slightly shifted to higher wavelength, which 

implies the colloid size in the precursor increased with increase in perovskite concentration. 

 

Figure 2. a. UV-vis absorption of the annealed (100 °C for 30 min) perovskite films which are prepared from DMAc 

solvent with different concentration. b. DMAc-based XRD patterns of the annealed films (100 °C and 30 min). 

         To study the influence of concentration and annealing on the evolution of perovskite 

morphology and coverage we recorded the top-view and cross-sectional SEM of various 

concentration DMAc prepared perovskite precursor-based films (Figure 3).  Figure 3a-e and Figure 



3f-j showed the as-prepared wet films and annealed films with a concentration of 1-, 1.25-, 1.5-, 

1.75-, and 2 times, respectively. Figure 3a showed the top-view SEM of 1 times film, where several 

voids formed (less coverage). When the concentration increases to 1.25 times the coverage 

improves, however there are some spots shown in the perovskite layer (Figure 3b). For 1.5 times 

concentration we have observed the perovskite grain clearly without annealing, however, still there 

are voids present (Figure 3c). When the concentration further increases to 1.75- and 2 times, the

 

Figure 3.a-e. Wet films prepared by 1, 1.25, 1.5, 1.75- and 2-times perovskite precursor; f-j. Annealed perovskite films 

prepared by prepared by 1, 1.25, 1.5, 1.75- and 2-times perovskite precursor; k-o. Cross-section prepared by 1, 1.25, 

1.5, 1.75- and 2-times perovskite precursor. 

wet film coverage enhanced and several more perovskite grains formed before annealing, and at 

this stage the substrate is almost fully covered with perovskite. We provided a movie (Video S1-

S5) that demonstrated the color change when various concentration DMAc-based perovskite 

precursors spin coated on the FTO.  When the spin coating process started, the film color changed 

from colorless to white, yellow, brown, and finally black perovskite film formed. These color 

changes are similar for all concentrations, however, when the concentration increased, it took 



longer time to turn black phase (slow evaporation) which indicates that high concentration 

perovskite precursor will induce perovskite crystallization to form high quality perovskite films. 

After annealing, the perovskite average grain size increases where the 1- and 1.25-times films 

(Figure 3f and 3g) exhibited about 50 nm average grain sizes, and when the concentration increase 

the average grain size increased as a result the 1.5-, 1.75- and 2-times films showed average grain 

 

Figure 4. Statistics of photovoltaic parameters of PSCs by different perovskite precursor concentration and blade 

coated prepared 2 times devices. (a) Jsc; (b) Voc; (c) FF, and (d) PCE.  

size of about 400 nm. Especially the 2 times DMAc precursor produced homogenous compact 

perovskite films. Figure 3k-o showed the cross-sectional images for various concentrations 

discussed above. The 1 times film thickness is less than 100 nm, the 1.25 times film is slightly 

thicker than 1 times film. The 1.5 times film thickness is ~200 nm thickness, and pinholes observed 

in its cross section. The 2 times film thickness is about 600 nm and intriguingly the film also 



compact in the cross-sectional image, which implies that high perovskite precursor concentration 

retards perovskite crystallization and improves the perovskite grain quality. Figure S10 showed 

the full SEM image of Figure 3k-o, the original SEM images show that all samples measured under 

40.0 k. 

 

Figure 5. a. J-V curve of the optimized spin-coated device; b. Reverse and forward scan J-V curves of the 2 times spin 

coated-based perovskite PSCs; c. Stabilized power output of the best spin coated device; d. IPCE of the best spin 

coated device; e, J-V curve of the champion blade coated device. The inset in Figure 1e is the champion blade coated 

device IPCE, f. Long-term stability of different perovskite precursor concentration spin coated devices. 

        To assess the influence of various concentration of perovskite precursors in DMAc we 

fabricated a perovskite device with a structure of FTO/SnO2/Perovskite/Spiro-OMeTAD/Au, we 

prepare the perovskite layer with spin-coating without anti-solvent and to demonstrate the potential 

of DMAc solvent-blade perovskite precursor for commercial application, we fabricated a 

perovskite using blade-coater. The photovoltaic parameters are summarized in box chart in Figure 

4. Figure 4a showed the short-circuit current density (Jsc), where the Jsc increased with increase in 



concentration. Blade-coated perovskite demonstrated the highest Jsc compared to the spin-coated 

films attributed to its dense thickness. The open-circuit voltage (Voc) and fill factor (FF) showed 

similar trends with the Jsc (Figure 4b and 4c) when the concentration increase both Voc and FF 

improved. However, the blades coated perovskite exhibited slightly lower Voc and FF than the spin 

coated 2 times-based devices. Figure 4d showed the PCE of the devices fabricated, where the 

average PCE 10%, 14.5%, 14.6%, 17.8%, 19% were achieved for 1-, 1.25-, 1.5-, 1.75-, and 2 times 

perovskite concentrations, respectively. Unfortunately, we fabricate PSCs at RH>40%, and the 

PCE only reach 10% (Figure S11), because too much water will break the hydrogen bonds between 

PbI2 and CH3NH3I.
57 We prepared large area perovskite film (1.5 ×10 cm2) by blade coater (Figure 

S12) and cut to 1.5 ×1.5 cm2 to fit our mask size to assess the device performance, where 

surprisingly our blade-coated device exhibited an average PCE of 17.5%. We have also fabricated 

devices using 2-ME and DMF using the low (1 times) and high (2 times) concentration and the 

results are presented in Figure S13. However, the devices from both solvents exhibited poor 

performance (PCE= ~5%), when the concentration increases the photovoltaic parameters showed 

improvements.    

        Figure 5a showed the champion devices J-V curve prepared by 2 times perovskite precursor, 

where a maximum PCE of 20.1% with a Voc of 1.11 V, FF of 76.5%, and Jsc of 23.7 mA/cm2 

achieved, with non-significant difference in the performance of the device when measured from 

reverse and forward scan directions 19.4% PCE vs 18.6% PCE, respectively (Figure 5b). 

Furthermore, the device demonstrated stable power output of 19.1% at 0.89 V bias (Figure 5c). To 

verify the Jsc measured in the J-V measurement we have recorded the external quantum efficiency 

(EQE) of the device again and presented the data in Figure 5d, where we have observed that high 

EQE intensity of over 0.8 achieved in the range of 450-650 nm with an integrated Jsc of 20.4 



mA/cm2. The calculated Jsc is 14% discrepancy with the Jsc measured in the J-V curve which is 

acceptable.58 In the EQE measurement, the external bias leads to ion migration inside the 

perovskite film.58 Moreover, in the EQE measurement a single wavelength with much lower 

intensity than the one sun radiation is used.44, 59 Additionally, the perovskite device could  degrade 

under long-term light irradiation during IPCE measurement, these all made the difference in Jsc 

measured from J-V and EQE.58 Furthermore, we studied the stability of the unencapsulated spin 

coated devices in air (RH = ~20%, and T=30⁰C) for 47 days, where the device fabricated with 2 

times DMAc system maintained more than 90% of its initial value, which displayed that DMAc is 

a very suitable solvent to widely use. 

 



Figure 6. a. Electrochemical impedance spectra curve of various perovskite precursor concentration-based PSCs; b. 

Voc as a function of incident light intensity; c. PL of glass/perovskite/ spiro-OMeTAD for different concentration 

perovskite layers. d. TRPL glass/perovskite/ spiro-OMeTAD for different concentration perovskite layers. 

        Figure 6 exhibited the effect of perovskite precursor concentration on the optoelectronic 

properties. Figure 6a showed the Nyquist plot of the devices based on different perovskite 

precursor concentration under dark conditions. The EIS fitting parameters are summarized in Table 

S1, the Rs is series residences, which is mainly contributed to the sheet resistance of FTO glass 

according to the literature.60. The variation of Rs values is attributed to different batches of FTO, 

and our Rs values are still in the reasonable range of the reported Rs values.60-64 Therefore, we do 

not think the Rs first decreases and then increases as the concentration increases. Rtr is the charge 

transfer resistance and Rrec is the recombination resistance.  The 2 times device has the smallest Rs 

of 19.02 Ω, smallest Rtr 76.7 Ω, and the largest Rrec of 2774 Ω. The decrease in Rtr for the 2-times 

signified for the better interfacial charge transport behavior. Moreover, the increase in Rrec made 

the charge recombination in the 2-times based device difficult, which confirms that the charge 

recombination loss is significantly suppressed in the high concentration perovskite precursor. 

Figure 6b showed the ideality factor plot which is extracted from the Voc vs illumination plot by 

calculating the slope in the linear regions following equation 1, where n is the ideality factor, q is 

the elementary charge, K is the Boltzmann constant, and T is the thermodynamic temperature. The 

2 times device showed n = 3.11, whereas the 1 n increased to 7.6 for the 1 times device, which 

suggested that the trap-assisted non-radiative recombination is suppressed in 2 times device 

compared to the 1 times device.         

𝑛 =
𝑞

𝐾𝑇

𝑑𝑉𝑜𝑐

𝑑𝑙𝑛(𝐼)
                                                                                                                   equation (2)                                                                                       

Figure S13 showed the typical dark current-voltage characteristic curves of electron-only devices 



prepared by 2times DMAc. The number of defects is calculated by the following equation: 

𝑁𝑡𝑟𝑎𝑝𝑠 =  
2𝜀𝜀0𝑉𝑇𝐹𝐿

𝑒𝐿2                                                                                                           equation (3) 

The ε is the relative dielectric constant, ε0 is vacuum permittivity, VTFL is trap filled limit voltage, 

e is the elementary charge, and L is the thickness of perovskite films. The calculated Ntraps for the 

2 times DMAc prepared devices exhibited 1.621*1016cm-3. Figure 6c showed the steady-state PL 

spectra of the different concentration perovskite films, where the 2 times perovskite film exhibited 

higher PL intensity than 1 times perovskite which implied in the 2 times perovskite layer had less 

charge recombination observed than the 1 times perovskite. The TRPL data of these films are 

shown in Figure 6d. The lifetime value of 2 times perovskite film is 217 ns, which is 4 times longer 

than 1 times perovskite film, the TRPL curves are fitted by the bi-exponential decay function and 

the fitting parameters are summarized in Table S2.  

 

5. Conclusion 

        In this work, we developed the preparation of anti-solvent free MAPbI3 using DMAc solvent. 

We studied morphology evolution and perovskite crystal growth of MAPbI3 in different solvents 

by vary the concentration. We found that the 2 times (2.12mM) perovskite concentration in DMAc 

produced homogenous and compact perovskite films while spun without anti-solvent in air. As a 

result, devices fabricated with such perovskite produced an outstanding PCE of 20.1% and 18% 

PCE for the spin coated and blade coated prepared perovskite films, respectively. This work 

stablished an alternative solvent system to fabricate high performance and stable device in air and 

without the need of anti-solvent, which influenced the reproducibility of the devices as well as 

adding extra cost. 
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