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ABSTRACT 

Spontaneous heterointerface modulation techniques have significantly contributed to the rapid 

development of perovskite solar cells (PSCs), and alkyl-primary-ammonium 

bis(trifluoromethanesulfonyl)imides (RA–TFSIs), whose archetype is n-octylammonium 

bis(trifluoromethanesulfonyl)imides (OA–TFSI), have recently emerged as functional additives 

for hole transport materials (HTMs). RA–TFSIs are designed to allow spontaneous perovskite 

passivation via the HTM deposition process; leveraging the high reactivity of RA cations toward 

the perovskite surface, these additives spontaneously and effectively suppress the defects over the 

perovskite surface and thereby enhance photovoltaic (PV) performance. Moreover, this perovskite 

passivation negates the need for conventional post-passivation processes, thereby improving the 

fabrication efficiency of PSCs. Although the advantages of these PSC fabrication processes have 

been less discussed than methods aimed at enhancing PV performance, they are crucial for further 

advancement of PSCs, especially in the context of spontaneous heterointerface modulation 

techniques. A key aspect is the concentration sensitivity of RA–TFSI; excessive OA–TFSI in the 

HTM solution leads to some OA cations failing to attach to the perovskite surface during 

spontaneous passivation, remaining in the HTM core and hindering carrier collection. To address 

this issue, we herein developed RA–TFSIs and synthesized ethylammonium 

bis(trifluoromethanesulfonyl)imide (EA–TFSI) for the first time. EA–TFSI not only enhanced the 

PV properties of PSCs but also significantly mitigated the concentration sensitivity owing to its 

small cation size, reducing the risk of poor carrier collection. In the case of OA–TFSI, increasing 

its concentration to twice the optimal amount decreased power conversion efficiency (PCE) by 

14%, accompanied by drops in fill factor (FF). However, upon EA–TFSI addition, PCE decreased 

by only 4%, with FF values remaining unchanged (i.e., nearly 100% retention). This research 
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offers insights into designing nascent yet potent spontaneous heterointerface modulators for PSCs, 

including RA–TFSI, to facilitate a broad process window, which is critical yet rarely discussed 

aspect. Therefore, this study will contribute to the further development of PSCs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://doi.org/10.26434/chemrxiv-2024-18s8z ORCID: https://orcid.org/0000-0003-3095-8503 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-18s8z
https://orcid.org/0000-0003-3095-8503
https://creativecommons.org/licenses/by-nc-nd/4.0/


 4 

INTRODUCTION 

Perovskite solar cells (PSCs) have attracted considerable research attention over the past decade, 

1, 2 and a recent and potent advancement is spontaneous heterointerface modulation in PSCs.3-9 

PSCs comprise multiple layers (e.g., an n–i–p cell structure consists of a transparent conductor, an 

electron transport material, a perovskite photoabsorber, a hole transport material (HTM), and a 

metal conductor); Spontaneous heterointerface modulators (SHMs)3-7 effectively improve the 

heterointerface properties during the deposition process, likely exploiting the driving energy of a 

highly exothermic reaction between SHM components and a component layer in PSCs (e.g., strong 

chemical interaction between them). Thus, development of novel SHM material design can 

promote further advancement of PSCs. 

A significant development in SHM technology is the emergence of alkyl-primary-ammonium 

bis(trifluoromethanesulfonyl)imide (RA–TFSI) additives for HTMs.3-6 The prime advantages of 

this technique are (i) the absence of Li species, which is detrimental to the PV performance of 

PSCs10-14, in contrast to the most commonly used Li–TFSI additive, and (ii) spontaneous 

perovskite passivation during the HTM deposition process. In particular, spontaneous passivation 

via HTM deposition is not attainable by other Li-free HTM additives13-24 and represents a unique 

property of RA–TFSIs. In the case of n-octylammonium TFSI (OA–TFSI), an archetypal material, 

owing to the high adsorption energy of OA cations on the perovskite surface (e.g., 1.88 eV25), OA 

cations spontaneously passivate the perovskite surface during the deposition of an HTM solution 

containing the OA–TFSI additive.3, 4, 6 As a result, the formation of defects on the perovskite 

surface is effectively suppressed by spontaneous passivation; thus, using the OA–TFSI additive 

considerably enhances the PV properties of PSCs. Although the conventional passivation of the 
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perovskite layer with passivator salts requires a post-passivation process25-39, adding RA–TFSIs to 

the HTM solution helps avoid the additional passivation step, increasing PSC fabrication 

efficiency. To realize the potential of this spontaneous perovskite passivation technique using RA–

TFSIs, strategies that focus on advancing manufacturing processes, such as those aimed at 

achieving a broad process window in addition to high process efficiency, are ideally implemented. 

However, unlike the techniques for PV performance enhancement, such strategies have not been 

explored in detail.  

One of the parameters that can be improved using this approach is the concentration sensitivity 

of RA–TFSIs in the HTM solution. When excess OA–TFSI is added to the HTM solution, for 

instance, the PV performance degrades in relation to that at the optimal OA–TFSI amount.3, 4, 6 

This occurs presumably because some OA cations cannot attach to the perovskite surface during 

the spontaneous passivation process and thereby remain in the HTM core.3 Consequently, the 

presence of OA cations in the HTM most likely inhibits hole transfer via the HTM. This 

phenomenon is most likely a common trend not only for RA–TFSIs but also for other SHMs 

because the excessive addition of a component that exhibits spontaneous heterointerface 

modulation in SHMs (e.g., OA in the case of OA-TFSI) can lead to the formation of unreacted (or 

uncoordinated) components, which prevents the construction of efficient PSCs due to the limited 

number of substances that can react with the SHM (e.g., sites capable to adsorption of OA over 

the perovskite surface). As this problem has seldom been discussed, its possible solutions can 

provide crucial guidelines for developing SHMs for PSCs. 

Herein, we propose the design of an RA–TFSI composite to solve the concentration sensitivity 

problem; a newly synthesized ethylammonium TFSI (EA–TFSI) as an additive for HTM solutions 

that exhibit effective spontaneous perovskite passivation via HTM deposition with a significantly 
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broader process window than those of conventional RA–TFSIs such as OA–TFSI. While the 

effective perovskite passivation properties increase the PCE up to 22.6%, the smaller size of the 

EA cation in EA–TFSI than those of conventional cations (e.g., OA) effectively decreases the 

concentration sensitivity and expands the process window (Figure 1). This study provides novel 

insights into the spontaneous perovskite passivation process and paves the way for developing 

highly efficient SHMs for PSCs, including RA–TFSI spontaneous passivators.  

 

 

Figure 1. Scheme of the compositional design of spontaneous heterointerface modulators allowing 

a broad process window (cases of OA-TFSI3, 4, 6 and EA-TFSI) 

 

RESULTS AND DISCUSSION 

Figure 2a shows the cross-sectional image of the PSC with the EA–TFSI additive, confirming the 

standard configuration of the fluorine-doped tin oxide (FTO)/TiO2/perovskite/Spiro-OMeTAD/Au 

n–i–p structure. A similar structure was observed in the PSC with Li–TFSI (Figure S1); however, 

the use of different additives resulted in different material characteristics, including PV 

performance. The surface analysis of the perovskite layer via X-ray photoelectron spectroscopy 
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(XPS) strongly suggests the presence of EA cations on the surface of the perovskite using the EA–

TFSI additive as well as the occurrence of spontaneous perovskite passivation. Figure 2b shows 

the XPS profiles of the pristine perovskite (reference) and perovskite with EA–TFSI (target). Two 

peaks at 288.3 and 285 eV in both spectra, corresponding to the C=N and C–C + C–H species,3, 29 

respectively, are observed. The sample with EA–TFSI exhibits a larger peak at 284.5 eV 

corresponding to the C–C and C–H species, which likely results from EA cations. The small peak 

at 285 eV obtained for the pristine perovskite originates from carbon contaminants, which are 

generally detected by XPS. As the presence of an aliphatic moiety (i.e., EA in this study) rendered 

the perovskite surface hydrophobic,26 contact angle (CA) measurement with water droplets on the 

perovskite surface was conducted. Figure 2c shows the CA measurement results for the perovskite 

layer after HTM removal using Li–TFSI (reference) and EA–TFSI (target). The sample with EA–

TFSI exhibits a higher CA (57 ± 2°) than that with Li–TFSI (43 ± 3°). This indicates that using the 

EA–TFSI additive for the HTM rendered the perovskite surface hydrophobic and confirmed the 

spontaneous perovskite passivation via HTM deposition.  
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Figure 2. (a) Cross-sectional SEM image of the PSC with EA–TFSI. (b) XPS profiles and (c) CA 

measurement results obtained for the reference and target samples. 
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As perovskite passivation affects carrier dynamics, the photoluminescence (PL) lifetimes were 

measured. Figures 3a and b depict the PL lifetimes of the HTM/perovskite bilayer samples with 

Li–TFSI and EA–TFSI and perovskite monolayer measured after the removal of the HTM layer, 

respectively. The bilayer sample with EA–TFSI exhibits a shorter lifetime (5.2 ± 0.1 ns) than the 

sample with Li–TFSI (7.5 ± 0.1 ns), suggesting that perovskite passivation with EA cations 

facilitates carrier injection from the perovskite to HTM. This effect is presumably due to the 

cationic passivation with EA, leading to a p-type character of the resulting perovskite surface. 3, 31 

The perovskite monolayer sample with EA–TFSI demonstrates a longer PL lifetime (67.3 ± 0.2 

s) than that of the monolayer sample with Li–TFSI (52.6 ± 0.1 s), indicating that EA cations 

spontaneously passivated the perovskite layer during the HTM deposition process and suppressed 

the formation of defects over the perovskite surface,3, 8 similar to RA–TFSI spontaneous 

passivators. 4-6 

Another advantage of the spontaneous perovskite passivation via HTM deposition is the 

absence of the counter cations in the HTM core, facilitating the formation and stabilization of 

HTM cationic radicals via the reaction with TFSI anions.3, 6 In Spiro-OMeTAD, the singly 

occupied molecular orbital corresponding to the cationic radicals is located below the highest 

occupied molecular orbital;10 therefore, the high ionization energy (IE) of the HTM layer suggests 

a higher concentration of cationic radicals. To investigate the effect of the enhanced Spiro-

OMeTAD cationic radical formation using EA–TFSI, the IE of the HTM layer was determined 

(Table 1). Even at a low EA–TFSI concentration (5.52 eV, 18 mM (optimal)), the IE is slightly 

higher than that of the sample with Li–TFSI (5.50 eV, 48 mM), indicating that the spontaneous 

perovskite passivation promotes the formation and stabilization of Spiro-OMeTAD cationic 
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radicals, which is consistent with the effects of other RA–TFSI spontaneous perovskite passivators. 

3, 4, 6 

 

Figure 3. PL lifetimes of the samples with Li–TFSI and EA–TFSI: (a) HTM/perovskite bilayer 

and (b) perovskite monolayer. 
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Table 1. IEs of the HTMs 

Additive 
TFSI 

concentration 
(mM) 

IE 
(eV) 

EA–TFSI 18  5.52  

Li–TFSI  48  5.50  

 

Figure 4 shows the PV performance of the PSCs with Li–TFSI and optimal EA–TFSI. The 

PSCs with EA–TFSI exhibit superior PV characteristics to those with Li–TFSI, owing to the 

spontaneous passivation effects. The PV parameter distributions (Figure 4a) and average values 

(Table 2) indicate that the PSCs with EA–TFSI possess substantially higher PCEs (21.7 ± 1.0% in 

the backward scan) than those with Li–TFSI (19.1 ± 1.8 in the backward scan). Similarly, for the 

highest-performance cells, the target PSC resulted in a considerably higher PCE (up to 22.6%) 

than the reference PSC (up to 21.3%; Table 2). The PV performance evaluated in the forward scan 

showed similar trends (Figure S2 and Table 2). This increase in PCE of the PSCs with EA–TFSI 

is primarily attributed to the increase in open-circuit voltage (Voc) from 1.06 to 1.11 V for the 

highest-performance cells in the backward scan, confirming the effectiveness of the spontaneous 

perovskite passivation. It is noteworthy here that the EA-based effective perovskite passivation is 

consistent with conventional passivation using EA iodide26, 27 via an additional post-treatment step. 

It is also noted that short-circuit current (Jsc) in the J–V curve of the highest-performance cell with 

EA–TFSI (26.1 mA cm−2 (Table 2)) matches the integrated Jsc value estimated from the 

corresponding external quantum efficiency (EQE) curve (25.2 mA cm−2, difference: within 4%) 

(Figure 4b). Figure 4c shows the quasi-steady-state PCE (QSS–PCE) of the highest-performance 
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cell with EA–TFSI. Its estimated value is 22.3%, which is nearly equal to the PCE obtained in the 

backward scan (22.6%); hence, the parameters evaluated in the backward scan represent the actual 

PV performance, which is in good agreement with the case of other RA–TFSI additives combined 

with Spiro-OMeTAD HTM and another HTM (polytriarylamine: PTAA), indicating a common 

trend observed for the RA-TFSI spontaneous perovskite passivators.3-6 Consequently, although the 

size of EA cations is much smaller than that of conventional RA cations in RA–TFSIs, the EA–

TFSI additive effectively improves the PV performance in relation to the Li–TFSI additive owing 

to the spontaneous perovskite passivation effects. 
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Figure 4. (a) J–V curves of the highest-performance PSCs with EA–TFSI and Li–TFSI recorded 

in the backward scan (forward scan: Figure S2). (b) EQE spectrum of the highest-performance 

PSC with EA–TFSI. (c) QSS–PCE curve of the highest-performance PSC with EA–TFSI obtained 

at 0.93 V 
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Table 2. PV parameters of the PSCs with optimal EA–TFSI and Li–TFSI 

HTM  
additive 

Scan Average 
/ Best 

J
sc

  

(mA/cm
2
) 

V
oc 

(V) FF PCE 
(%) 

EA–TFSI 

Backward 
Best 26.1  1.11  0.78  22.6  

Average 25.7 ± 0.3 1.10 ± 0.01 0.77 ± 0.04 21.7 ± 1.0 

Forward 
Best 26.1  1.08  0.71  20.1  

Average 25.7 ± 0.3 1.06 ± 0.03 0.69 ± 0.04 18.8 ± 1.3 

Li–TFSI 

Backward 
Best 26.5  1.06  0.76  21.3  

Average 26.3 ± 0.4 1.03 ± 0.02 0.71 ± 0.05 19.1 ± 1.8 

Forward 
Best 26.5  1.00  0.65  17.1  

Average 26.3 ± 0.4 0.95 ± 0.04 0.59 ± 0.06 14.7 ± 2.0 
 

The spontaneous perovskite passivation effects of the EA–TFSI additive are similar to those 

of other RA–TFSIs; however, EA–TFSI demonstrates a lower concentration sensitivity. Figure 5a 

and Table 3 show the dependences of various PV parameters on the EA–TFSI concentration. 

Figures 5b and c depict the RA–TFSI (EA–TFSI in the present work and OA–TFSI in a literature 

study6) concentration dependences on the relative average PCE and relative average FF, 

respectively. With an increase in the EA–TFSI concentration from 6 to 18 mM, the PCE increases 

from 16.7 ± 0.7% to 21.7 ± 1.0% and reaches the optimal value. After further increasing the 

EA–TFSI concentration to 48 mM, which is 2.7 times higher than the optimal concentration, the 

PCE slightly decreases to 20.9 ± 0.5% (by relative 4% decrease); however, it does not exhibit a 

significant drop, unlike that of OA–TFSI. As shown in Figure 5b, with an increase in the OA-TFSI 

concentration from optimal 24 mM to excess 48 mM, the PCE decreased by relative 14%,6 which 

is substantially larger than that with EA-TFSI.  
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In more details, the PCE slightly decreases from 21.7 ± 1.0% to 20.9 ± 0.5% with an increase 

in the EA–TFSI concentration from 18 to 48 mM, which is attributed to the slightly decreased Voc 

value from 1.10 ± 0.01 to 1.05 ± 0.01 V (Table 3, relative 5% decrease: Figure S3). As EA–

TFSI is in the solid state at room temperature, the co-addition of TBP is required for its dissolution. 

Meanwhile, a higher concentration of TBP can prevent spontaneous perovskite passivation by EA 

cations as TBP can directly cause chemical attachment to perovskite surface40-44 and thereby 

decreases the Voc value.6 Therefore, the slight decrease in Voc with increasing EA–TFSI 

concentrations accompanied by an increase in the TBP concentration is presumably due to the 

prevention of spontaneous perovskite passivation at high TBP concentrations. This trend (i.e., 

decreased Voc with increasing RA-TFSI concentration accompanying an increase in TBP 

concentration) is also observed for other RA–TFSI spontaneous perovskite passivators.3, 5, 6 For 

example, with an increase in the OA–TFSI concentration from 24 to 48 mM, Voc decreases from 

1.12 ± 0.01 to 1.06 ± 0.02 V (Figure S3: relative 5% decrease).6  

However, the FF values of the PSCs with EA–TFSI remained almost the same at 0.77 between 

the EA–TFSI concentrations of 18 and 48 mM, corresponding to a nearly 100% retention (Figure 

5c). In stark contrast, the PSCs with OA–TFSI exhibited a significant decrease in FF by 7% with 

an increase in the OA–TFSI concentration from 24 to 48 mM (Figure 5c).6 The same trend (an FF 

drop with increasing RA–TFSI concentration) was also observed in previous studies using other 

RA-TFSIs spontaneous perovskite passivators.3-6 This difference between the FF trends is 

attributed to the difference in the cation structure because the addition of Li–TFSI within the 

concentration range employed in this work (up to 48 mM) did not result in such a significant 

detrioration;3, 10, 45 hence, increasing the TFSI anion concentration does not decrease the FF value. 

The observed FF drop at high OA–TFSI concentrations can be attributed to the remaining OA 
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cations in the HTM core. When an excessive amount of OA–TFSI is added to the HTM solution, 

some OA cations cannot attach to the perovskite surface during the spontaneous passivation 

process, and the presence of OA cations in the HTM most likely hinders the hole transfer via the 

HTM, leading to an FF drop.3 Therefore, based on this assumption, the FF magnitude decreases 

with an increase in the RA–TFSI concentration and depends on the RA–TFSI cation structure; a 

small cation size will be advantageous for mitigating the FF decrease with increasing RA–TFSI 

concentration. The use of EA–TFSI in the present work confirmed this assumption; owing to the 

small EA cation size, the remaining EA cations in the HTM core affected hole collection only 

negligibly with the addition of excess EA–TFSI (in contrast to OA–TFSI addition), thereby 

demonstrating the low FF sensitivity to the EA–TFSI concentration. Therefore, the proposed 

mechanism of the RA–TFSI concentration sensitivity is supported by the results of this work; the 

remaining RA cations in the HTM core with excess RA–TFSI may potentially prevent hole 

collection; however, the use of smaller RA cations (e.g., EA in this work) can address this issue.  
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Figure 5. RA–TFSI concentration dependence on the PV properties of PSCs. (a) Variations of the 

absolute values with the EA–TFSI concentration. Relative (b) PCE and (c) FF values of EA–TFSI 

and OA–TFSI. 

 

https://doi.org/10.26434/chemrxiv-2024-18s8z ORCID: https://orcid.org/0000-0003-3095-8503 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-18s8z
https://orcid.org/0000-0003-3095-8503
https://creativecommons.org/licenses/by-nc-nd/4.0/


 18 

Table 3. EA-TFSI concentration dependence on the PV parameters 

EA-TFSI 
concentration 

(mM) 

Jsc  
(mA/cm2) 

Voc (V) FF 
PCE 
(%) 

6 25.8 ± 1.0 0.99 ± 0.02 0.65 ± 0.01 16.7 ± 0.7 

12 26.3 ± 0.3 1.04 ± 0.02 0.71 ± 0.01 19.3 ± 0.7 

18 25.7 ± 0.3 1.10 ± 0.01 0.77 ± 0.04 21.7 ± 1.0 

24 25.5 ± 0.5 1.10 ± 0.02 0.76 ± 0.03 21.2 ± 1.3 

36 25.5 ± 0.4 1.06 ± 0.01 0.77 ± 0.01 21.0 ± 0.6 

48 25.8 ± 0.5 1.05 ± 0.01 0.77 ± 0.01 20.9 ± 0.5 

 

 

 

CONCLUSION 

A method for spontaneous perovskite passivation via HTM deposition with a broad process 

window was proposed in this study using a newly synthesized EA–TFSI additive for the HTM 

solution. The EA–TFSI additive enabled spontaneous perovskite passivation during HTM 

deposition similar to conventional RA–TFSI additives such as OA–TFSI, thereby effectively 

improving the PV performance and increasing PCE up to 22.6%. In other conventional RA–TFSI 

perovskite passivators such as OA–TFSI, the PSC properties are sensitive to their concentration 

owing to the large RA cation sizes: when excess OA–TFSI of twice the optimal amount was added 

to the HTM solution, the FF value decreases by relative 7% presumably owing to the large OA 

cations that remained in the HTM core and hampered hole collection, which decreased the PCE 

by 14%. However, EA–TFSI significantly mitigated the concentration sensitivity by reducing the 

risk of poor carrier collection when it remained in the HTM core because of its small cation size; 

therefore, at an EA–TFSI concentration two times higher than the optimal amount, only a 4% 

decrease in PCE was observed, while the FF value remained unchanged (i.e., almost 100% 
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retention). The observed concentration insensitivity led to a broad process window, which will 

mitigate the difficulty of manufacturing PSCs in addition to exploiting the enhanced process 

efficiency using the RA–TFSI spontaneous perovskite passivator (i.e., avoiding the conventional 

passivation process).  

In addition to RA–TFSIs, the obtained insights regarding the material design also contributes 

to the development of other series of SHMs as the concentration sensitivity addressed in this work 

is a common issue for SHMs in principle, although this feature has seldom been discussed. 

Therefore, the present research has the potential to pave the way for development of highly 

efficient SHMs, including RA–TFSI spontaneous perovskite passivators, characterized by broad 

process windows. This contribution, in turn, fosters the ongoing progress of PSCs. 

 

Experimental Section 

Materials 

All materials were of reagent grade and used as received. Lead iodide (PbI2), ethylamine, and 

HTFSI were purchased from Tokyo Chemical Industry Co., Ltd. Formamidine hydroiodide (FAI) 

and mesoporous titanium oxide (m-TiO2; 30NR-R) were obtained from Great Cell Solar 

Technology. Methylammonium chloride (MACl) was procured from Xian Polymer Co., Ltd. All 

other reagents were obtained from Sigma–Aldrich. FTO-coated transparent glass (thickness: 

1.6 mm, sheet resistance: ≤ 10 Ω cm–2) was purchased from Nippon Sheet Glass. 

 

https://doi.org/10.26434/chemrxiv-2024-18s8z ORCID: https://orcid.org/0000-0003-3095-8503 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-18s8z
https://orcid.org/0000-0003-3095-8503
https://creativecommons.org/licenses/by-nc-nd/4.0/


 20 

Synthesis of EA–TFSI 

EA–TFSI was synthesized via a neutralization method. First, ethanol solutions with the same 

volume and molar concentration of ethylamine and HTFSI were prepared. Subsequently, the 

phenylethylamine solution was added dropwise to the HTFSI solution while stirring in an ice bath. 

After stirring for 2 h, ethanol was removed for 3 h using a vacuum evaporator. The resulting solid 

material was EA–TFSI, as confirmed via NMR spectroscopy (Figure S4 and S5). EA–TFSI was 

in the solid state at room temperature; however, its melting point (318 K: Figure S6) was close to 

room temperature and within the range corresponding to that of an ionic liquid definition (<373 

K)46.  

 

Synthesis of FAPbI3 powder 

FAPbI3 powder was synthesized as a thin film precursor using a previously reported method.3, 38, 

47 Briefly, 0.8 M of FAI and PbI2 powders were dissolved in 2-methoxyethanol, and the resulting 

solution was subsequently heated to 393 K for 1 h under stirring. The precipitated black particles 

were immediately collected via filtration and heated to 423 K for 30 min. The resulting black 

powder was dried by evacuation at room temperature for 1 h.  

 

Solar cell fabrication 

The PSCs were prepared using conventional methods, with some modifications.1 A TiO2 compact 

layer (~50 nm) was coated onto an FTO glass substrate via the spray pyrolysis of a 4 vol.% 

titanium diisopropoxide bis(acetylacetate)/ethanol solution and then placed on a hotplate at 523 K. 
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Subsequently, an m-TiO2 layer was deposited by spin coating a TiO2 paste diluted with ethanol 

onto the substrate surface at 5000 rpm for 10 s, followed by heating the substrate to 773 K for 30 

min. 

The FAPbI3 perovskite layer was deposited onto as-prepared TiO2/FTO via spin coating in a 

dry room (temperature: 291 K, dew point: <243 K). A 1.8 M FAPbI3 precursor solution was 

prepared by dissolving the synthesized FAPbI3 powder and 40 mol.% (for FAPbI3) of MACl in a 

mixed solution of N,N-dimethylformamide and dimethyl sulfoxide (4:1 v/v). The TiO2/FTO 

substrate was spin-coated with the precursor solution at 6000 rpm for 50 s. During spin coating, 

1 mL of chlorobenzene was added dropwise after spinning for 10 s.  

The HTM layer was deposited by spin coating a solution containing Spiro-OMeTAD and 

additives at 3000 rpm for 30 s in a dry room. The HTM solution with the EA–TFSI additive was 

prepared by dissolving 70 mM Spiro-OMeTAD in chlorobenzene and mixing desired amounts of 

EA–TFSI and 4 times more of TBP. For the HTM solution with the Li–TFSI additive, 70 mM 

Spiro-OMeTAD, 48 mM Li–TFSI, and 210 mM TBP were dissolved in chlorobenzene. Finally, 

an Au conductor layer (~200 nm) was deposited via thermal evaporation. Accordingly, a PSC with 

the n-i-p standard configuration was obtained (Figure 2a). 

 

Current–voltage curve analysis 

The current–voltage curves were recorded using a source meter (R6243, ADVANTEST) and class 

A solar simulator (XIL-05B100KP, Seric Co.) with a mismatch factor of <25%, calibrated using 

a Si-reference cell equipped with a KG-5 filter to generate the AM1.5G spectrum (100 mW cm–2) 
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at room temperature (∼298 K) in an ambient atmosphere. The current–voltage scan was performed 

at a constant speed of 100 mV s–1 under simulated sunlight radiation using a sample mask with an 

aperture area of 0.119 cm2. Before each measurement, an antireflection sheet was pasted onto the 

glass side of the cell. No pre-bias was applied prior to the measurements. More than 15 samples 

were examined under various target and reference conditions, and the best samples were selected. 

The average values of the measured solar cell parameters with standard deviation were calculated.  

 

Characterization of EA–TFSI 

NMR spectroscopy was performed using a JNM-ECZ400S/L1 spectrometer (JEOL Co., Ltd.). 

Thermal stability was measured using a thermogravimetry-differential thermal analysis (TG-DTA) 

instrument (STA200RV, Hitachi High-Tech Science Co.) at a 10 K/min scan rate under nitrogen 

flow. 
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