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Abstract: In order to enhance the efficiency and robustness of perovskite solar cells (PSCs), 

surface passivation is crucial to minimize surface defects, improve charge transfer, and inhibit the 

penetration of deteriorating agents. In this study, we demonstrate that choline acetate (ChAc) can 

effectively passivate the surfaces of perovskites to improve their stability and photovoltaic 

performance. The perovskite film passivated with ChAc shows many improvements, such as 

greater crystallinity, smoother surface topography, preferable alignment of energy levels, and 

lower defect density. As a result, the champion power conversion efficiency (PCE) for the pristine 

and ChAc PSCs is 18.20% and 19.80%, respectively. The passivated PSCs also display superior 

stability, as evidenced by retained unencapsulated PCE of 93% after 600 hours of storage at 

ambient conditions and 40% relative humidity at 25 °C, compared to 85% retained for pristine 

PSCs. Our results provide a straightforward and very efficient way to produce high-performing 

and stable PSCs. 
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1. Introduction  

Recent developments in the field of photovoltaic applications have received considerable attention 

from researchers in organic-inorganic hybrid perovskite materials due to their favorable optical 

band gap, high absorption coefficient, low exciton binding energy, long carrier diffusion length, 

and higher carrier mobility.1–7 Perovskite solar cells (PSCs) have achieved a rapid rise in PCE, 

rising from 3.8% in 2009 to 25.7% in 2023.89 This unprecedented speed of advancement marks a 

significant milestone in the history of solar development. Furthermore, PSCs show a promising 

future for commercialization thanks to their easy fabrication process and low-cost materials. To 

be widely commercialized, several challenges must first be addressed, particularly with regard to 

long-term instability caused by ion migration and oxidation or humidity-related degradation. 10–15 

The approach of passivation has been demonstrated to be a successful tactic for suppressing non-

radiative recombination losses, reducing perovskite defects, and enhancing the performance and 

stability of PSCs.16–19 Numerous modification techniques have consistently been suggested to 

minimize the surface defect of the perovskite active layer. For instance, the uncoordinated ions at 

the perovskite surface have been removed using certain halide salts (formamidinium chloride, 4-

fluoro-phenethylammonium iodide, and tetra-ethyl ammonium iodide) as additives and/or 

modifiers.20–24 In a variety of energy-related applications, ionic liquids (ILs), non-volatile salts 

with outstanding thermal stability, are now more often used. Device stability and performance 

have significantly increased with the addition of IL to PSCs.25–27 By incorporating 1,3-dimethyl-

3-imidazolium hexafluorophosphate (DMIMPF6) as the passivation layer between perovskites and 

Spiro-OMeTAD, Zhu and coworkers recorded an increased degree of hydrophobicity, long-term 

stability, and power conversion efficiency (PCE).28 The defects on the surface and grain boundary 

of perovskite films were passivated using 4-chloro-1,8-naphthalic anhydride, which led to a 
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decrease in trap state density and an increase in carrier lifetime.29 By adding 1-hexyl-3-

methylimidazolium iodide (HMII) to PSCs, Akin and coworkers were able to enhance crystallinity 

and achieve a PCE of 20.6%.30 Patil and coworkers utilized Guanidine acetate as an interface 

modifier between the hole transport layer (HTL) and the perovskite, leading to better energy level 

matching, lower defect densities, and less charge recombination.31 Choline chloride (ChCl) was 

utilized to passivate the perovskite surface by Wang and coworkers, and it was discovered to be 

successful in extending carrier lifetime and improving moisture/thermal stability.32 Hence, it is 

possible to anticipate that passivation materials will increase the PCE and stability of perovskite 

devices. For further advancements in PCE and stability of perovskites, it is essential to ascertain 

the effects of suitable morphology, surface defect, hydrophobicity, and optoelectronic 

properties.33–35 A choline-based ionic liquid called choline acetate can be effectively used to 

dissolve microcrystalline cellulose. Moreover, it has been suggested that ILs could be recycled and 

reused due to their low melting point, non-volatility, and thermal stability. In addition, functional 

IL can promote hydrogen bonding, coordination, and electrostatic interactions between perovskites 

and ILs when needed, improving the crystallization tendency for high-quality films with fewer 

defects and increasing the water insensitivity with hydrophobic ILs. 36,37 Herein, using choline 

acetate (ChAc) as a surface passivating material, we demonstrate that the fabricated PSCs can 

exhibit improved stability and photovoltaic performance. For perovskite passivated with ChAc, 

the crystallinity, surface topography, energy levels alignment, and defect density are enhanced. 

Consequently, the unencapsulated pristine and ChAc passivated PSCs enable to yield champion 

PCE of 18.20% and 19.80%; with 85% and 93% retained PCEs as compared to their original value 

after 600 hours of storage at ambient condition can be achieved. This study highlights the 

importance of surface passivation to simultaneously enhance both stability and efficiency. 
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2. Experimental Section: 

Materials: Fluorine-doped tin oxide (FTO) glass substrates were purchased from Nippon sheet 

glass Co., Ltd. (Japan). We purchased lead (II) iodide and lead (II) bromide from Tokyo Chemical 

Industry (TCI). Methylammonium bromide and formamidinium iodide were purchased from 

Dyesol. The following chemicals were purchased from Sigma Aldrich: Choline acetate (ChAc), 

Acetonitrile, Isopropyl alcohol, dimethylformamide, dimethyl sulfoxide, 2-methoxyethanol, 

titanium (IV) butoxide, acetylacetone, tin (II) chloride, and 4-tert-Butylpyridine. Spiro−OMeTAD 

was purchased from Luminescence technology corp. 

Device Fabrication: The cleaning process involved ultrasonically cleaning the fluorine-doped tin 

oxide conducting glass (FTO) substrates for 20 min in mild detergent, deionized water, acetone, 

ethanol, and isopropanol, respectively. After that, nitrogen was used to dry the FTO substrates, 

and 20 minutes of ozone treatment followed. The compact-TiO2 layer was deposited at the FTO 

glass substrate through a spin coating approach with a precursor solution containing titanium (IV) 

butoxide, acetylacetone, and 2-methoxyethanol and annealed at 500 °C for 1 h. After that, SnO2 

was spin-coated on the FTO/TiO2 surface with a precursor solution containing tin (II) chloride and 

ethanol. The layer was annealed at 200 °C for 1 h. The following materials were used to make the 

perovskite solution: MABr (28 mg), FAI (215 mg), PbI2 (0.633 mg), PbBr2 (101 mg), 52.6 μL of 

the CsI (390 mg of CsI in 1mL of DMSO), and 1 mL of a mixed of DMF and DMSO solvents. 

Perovskite layers were fabricated using spin coating techniques at 1000 rpm for 10 s and 6000 rpm 

for 30 s, respectively. 100 μL of chlorobenzene was added to the rotating substrate during the final 

15 seconds as an anti-solvent. Then, the as-deposited film was placed to a hot plate and annealed 

at 100 °C for 1h. The Choline acetate (ChAc)  passivator was dissolved in 2-proponal to prepare 

precursor solutions of 0, 2, 4, and 6 mg/mL. The Spiro-OMeTAD solution was prepared by mixing 
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Spiro-OMeTAD powder (70 mg) with chlorobenzene (1 mL), 4-tertbutylpyridine (28 μL), lithium 

bis(trifluoromethanesulfonyl)imide solution (520 mg/mL in acetonitrile;17 μL) and cobalt (III) 

FK209 (376 mg in 1 mL of acetonitrile: 35 μL). The spiro-OMeTAD solution was spun coated 

onto the perovskite at 4000 rpm for 30 seconds. Finally, the gold (Au) back electrode was deposited 

by thermal evaporation. 

Characterization: XRD measurements were carried out using an X-Ray diffractometer (Bruker 

D8 Advance). The surface morphology of the perovskite films was characterized using a FESEM 

(JEOL JSM−7600F). The XPS and UPS spectra of the perovskite samples were analyzed using a 

Kratos AXIS Supra. Contact angle measurements were taken using Dataphysics OCA−15 Pro. The 

absorption spectra of samples were measured using a UV-vis spectrophotometer (UV−1800, 

Shimadzu). Photoluminescence (PL) spectra were recorded using an RF−5301PC (Shimadzu) 

spectrophotometer. The current density-voltage (J-V) curve of the device was measured using a 

Keithley 2612A source meter with an AM 1.5G illumination (100 mWcm–2). The IPCE spectra 

were recorded with a PVE300 (Bentham).  

3. Results and Discussion  

Figure 1a displays a schematic of a planar n-i-p PSC configuration comprising fluorine-doped tin 

oxide (FTO) as the anode, a compact TiO2/SnO2 layer as the electron transport layer (ETL), a 

perovskite layer as the light-absorbing layer, Spiro-MeOTAD as the hole transport layer (HTL), 

and gold as the cathode. The J-V characteristics of PSCs with various ChAc concentrations were 

measured under AM1.5 G illumination, and the corresponding photovoltaic characteristics, 

including their open-circuit voltage (Voc), short-circuit current (Jsc), fill factor (FF), and power 

conversion efficiency (PCE), are presented in Figure 1b and Table S1. To achieve the optimum 

content, the ChAc concentrations in the isopropyl alcohol precursor solution were varied from 0 
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to 6 mg/mL. When the ChAc concentration is raised from 2 to 4 mg/mL, the PCE increases, and 

the PSCs with the 4 mg/mL ChAc passivated exhibit the best device performance. The pristine 

PSCs displayed a PCE of 18.20%, Voc of 1.09V, Jsc of 22.30 mA cm-2, and FF factor of 74.69%. 

On the other hand, the 4 mg/mL ChAc passivated device showed a Voc of 1.12 V, Jsc of 22.70 mA 

cm-2, and FF of 77.63%, leading to a significantly greater PCE of 19.80%. The performance of the 

device is reduced as the ChAc concentration is raised further to 6% (Figure S1 and Table S1). A 

statistical distribution of photovoltaic parameters (Vo, Jsc, FF, and PCE) of PSCs with and without 

the addition of ChAc is shown in Figure 1c and Figure S2 to demonstrate the repeatability of the 

device. The average PCEs of pristine and ChAc passivated devices are 17.52%, and 19.30%, 

respectively. The repeatability of the PSCs device is undoubtedly improved by the addition of 

ChAc. According to incident photon-to-current efficiency (IPCE) results, the integrated Jsc values 

for the pristine and ChAc passivated devices were 19.98 and 20.65 mA cm-2, respectively; this 

result was comparable to the J-V measurement values, as displayed in Figure 1c. 

X-ray diffraction (XRD) measurements were carried out to explore the impact of the ChAc on the 

crystallinity of perovskite films, as presented in Figure 2a. Both the pristine and passivated 

perovskite films exhibited identical crystal structures. There were no additional peaks in the 

passivated films, indicating that films passivated with ChAC could reduce perovskite defects 

without altering crystal structure. The ChAc interfacial modifier contributes to enhancing the 

crystallization of the perovskite film since it increases peak intensities and decreases FWHM 

values (0.33 to 0.25) relative to the pristine film. Field emission scanning electron microscopy 

(FESEM) measurements of the perovskite films were performed to observe the ChAc-induced 

changes in the microstructure on the perovskite layer, as displayed in Figure 2b-c & Figure S3 . 

The FESEM images show that both the pristine and ChAc passivated surfaces exhibit 
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homogeneous, compact, smooth surface morphology, with the grain size of the passivated surface 

being slightly larger than that of the pristine surface (Figure S4) .    

We performed x-ray photoelectron spectroscopy (XPS) on both the pristine and passivated with 

ChAc to investigate the interaction between the ChAc and the perovskite film. The XPS analysis 

(Figure 2d) shows that the pristine Pb 4f XPS has two peaks at about 143.3 eV and 138.4 eV, 

which are attributable to Pb 4f5/2 and Pb 4f7/2, respectively. Since the pronounced peaks of Pb 4f5/2 

and Pb 4f7/2 were shifted to lower binding energies of 143.0 and 138.1 eV, respectively, in the 

passivated ChAc, it appears that Pb2+ has been effectively passivated. In the pristine film, there are 

two peaks assigned to metallic Pb0 at 136.7 and 141.6 eV, while no metallic Pb0 peak is observed 

in the passivated film, suggesting that the ChAc suppresses the non-radiative recombination.38,39 

In order to determine the effect of ChAc on the optical properties of perovskite films, the 

ultraviolet-visible (UV-vis) absorption and photoluminescence (PL) spectra were analyzed. The 

absorption spectra of pristine and passivated films are illustrated in Figure S5. From the 

comparison of the absorption intensities, it can be seen that the ChAc-modified perovskite films 

have a slightly higher absorption intensity. We studied the surface morphology of pristine and 

passivated ChAc perovskites using an atomic force microscope. The roughness of the passivated 

film (17.6 nm) is smaller than that of the perovskite film (24.4 nm), as shown in Figure 3a-b, 

showing the effect of ChAc to smoothen the surface. The PL spectra of perovskite films with and 

without ChAc are displayed in Figure 3c. A comparison of the steady-state PL spectra of pristine 

and ChAc passivated films showed no significant differences in peak positions, indicating that the 

ChAc did not affect the optical bandgap of the perovskites. The PL intensity was significantly 

increased for the ChAc passivated film, indicating fewer defects in the ChAc passivated perovskite 

films, and consequently minimized non-radiative recombination.40,41 
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To verify the passivation effect of ChAc on the perovskite, we conducted the space-charge limited 

current (SCLC) measurement of pristine and ChAc passivated devices. Figure 3d illustrates dark 

I-V curves of the devices with a configuration of FTO/TiO2/SnO2/perovskite (with and without 

ChAc)/PCBM/Ag. For the electron-only devices using both pristine and ChAc passivated layers, 

the VTFL values were measured to be 0.35, and 0.25 V, respectively. The equation Ntrap =

2εε0VTFL/eL
2 was used to obtain the trap density (Ntrap) of the films, where L, ε, ε0 and e represents 

the film thickness of perovskite, the relative dielectric constant of perovskite, vacuum permittivity, 

and elemental charge, respectively.42,43 The Ntrap values for pristine and ChAc passivated films 

were calculated to be 2.69 x 1015 cm-3 and 1.92 x 1015 cm-3, respectively. The presence of ChAC 

greatly reduced the trap density of perovskites. 

To examine the electrical characteristics and energy levels, ultraviolet photoelectron spectroscopy 

(UPS) measurements were performed. Based on the results of UPS (Figure 4a-b, & d-e) and the 

band gap (Eg), the work function (WF), valence band maximum (VBM), and conduction band 

minimum (CBM) of the perovskite films are determined. According to Figure 4c, the Eg values of 

pristine and ChAc passivated films are determined using the Tauc plot to be 1.63 and 1.62 eV, 

respectively. It is observed that the pristine perovskite films exhibit WF, VBM, and CBM values 

of -4.21, -5.71, and -4.08 eV, respectively. The ChAc passivated films included associated WF, 

VBM, and CBM values of -4.09, -5.63, and -4.01 eV, respectively. In contrast to pristine film, the 

ChAc passivated film's VBM and CBM display better energy level alignment, as seen in Figure 

4f, which reduces the interfacial energy barrier and reduces non-radiative recombination. 

The hydrophobicity of perovskite films is studied by measuring the water contact angles, which 

are displayed in Figure S6. With respect to the water contact angle, pristine and ChAc passivated 

perovskite films showed values of 44° and 51°, respectively, revealing the superior moisture 
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stability for the ChAc passivated film. The effect of ChAc surface passivation to enhance the 

perovskite film stability was assessed using XRD and UV-vis spectra, while the respective PSCs 

were characterized by measuring the trend of PCE as a function of time. Both films and PSCs were 

stored under the same storage conditions (in the dark and at 40% RH). While the unavoidable 

perovskite degradation into PbI2 was still observed, the ChAc passivation indeed showed its 

enhanced moisture resistance behavior. After 600 hours of aging, the absorbance of the pristine 

decreased by 13%, but only by 7% for the film with ChAc (Figure 5a), suggesting less PbI2 

formation upon passivation. This is also supported by the results of Figure 5b, which show that 

the ratio of integrated XRD area at PbI2 peak to that at the perovskite peak was only 0.6:1 for ChAc 

passivated films in contrast to 1.4:1 for the pristine films. Shelf stability measurements were 

conducted with PSCs kept in the dark and at 40% RH as shown in Figure 5c-f. No encapsulation 

was used in the testing of all devices. After 600 hours of shelf storage, the ChAc passivated device 

keeps over 93% of its initial PCE, whereas the pristine device only retains 85%. This result clearly 

shows that adding ChAc enhances the PSCs’ moisture stability, in agreement with the contact 

angle and film characterizations.  

4. Conclusions 

In summary, choline acetate (ChAc) is utilized to passivate perovskite surface defects and to 

improve both PCE and stability of the PSCs. With ChAc passivated perovskites, the crystallinity 

and surface topography are improved, with better energy levels alignment and minimized defect 

density. As a result, PSCs with ChAc had an enhanced power conversion efficiency (PCE) of 

19.80% in contrast to pristine devices of 18.20%. In addition, unencapsulated devices with ChAC 

maintained 93% of their initial efficiency after aging for 600 hours at a relative humidity of 40%, 

revealing superior stability compared to 85% of the pristine devices. With the proposed passivation 
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technique, which improves the performance and stability of the PSC by defect passivation, 

perovskites-based optoelectronic devices will get a wider range of practical applications. 
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Figure 1. (a) Device structure, (b) J-V curves, (c) statistical distribution of PCE and (d) IPCE 

spectra of pristine and ChAc passivated planar PSCs.  
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Figure 2. (a) X-ray diffraction patterns, (b-c) FESEM and (d) XPS spectra of the pristine and 

ChAc passivated PSCs.  
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Figure 3. (a-b) AFM, (c) PL spectra and (d) SCLC of the pristine and ChAc passivated 

perovskite films.  
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Figure 4. (a-b) UPS spectra of pristine perovskite film. (b) Tauc plot of the pristine and ChAs 

passivate perovskite films. (d-e) UPS spectra of ChAc passivated perovskite film. (f) Energy level 

alignment of perovskite device.  
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Figure 5. (a) Absorption spectra of pristine and ChAc passivated films before (0 h) and after aging 

(600 h). (b) XRD patterns of pristine and ChAc passivated perovskite films after aging (600 h). (c-

f) An analysis of the Voc, Jsc, FF and PCE decay rate of unencapsulated PSCs during ambient air 

storage with 40% relative humidity at room temperature.  
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Figure S1. J-V curves of the ChAc passivated planar PSCs. 
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Figure S2. Statistical distribution of (a) Voc, (b) Jsc and (c) FF of pristine and ChAc passivated 

planar PSCs. 
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Figure S3. Cross-sectional FESEM images of (a) pristine and (b) 4 mg/mL ChAc PSCs. 

 

 

The cross-sectional images of the perovskite solar cell without and with ChAc passivation 

are shown in Figure S3. The relative thickness of the perovskite layer for pristine and 4 mg/mL 

ChAc passivated perovskite layer was found to be similar at approximately 600 nm. Despite the 

additional ChAc layer added to the pristine device, the change in film thickness is unobservable 

using the FESEM images. This can be explained by the low ChAc concentration applied, making 

it difficult to distinguish the few nano-meters thin ChAc layer. 
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Figure S4. Grain size distribution of (a) pristine and ChAc passivated films.  

 

 

The grain size distribution of pristine perovskite films with and without ChAc is illustrated in 

Figure S1. The average grain size of the pristine is estimated to be around 200 nm, however 

the passivated film with ChAc is found to be 245 nm. 
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Figure S5. UV absorption spectra of pristine and ChAc passivated perovskite films.  
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Figure S6. Water contact angles of the pristine and ChAc passivated perovskite films. 
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Table 1. Photovoltaic parameters of perovskite solar cells with and without ChAc passivation. 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

Devices Voc 

[V] 

Jsc 

[mA cm-2] 

FF  

[%] 

PCE  

[%] 

Pristine 1.09 22.30 74.69 18.20 

2 mg/mL ChAc 1.11 22.66 76.51 19.24 

4 mg/mL ChAc 1.12 22.70 77.63 19.80 

6 mg/mL ChAc 1.11 22.60 77.41 19.45 


