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Abstract: Perovskite solar cells (PSCs) have garnered significant attention due to their 

high-power conversion efficiency and simple fabrication process. A challenge in PSC fabrication 

is forming a uniform, defect-free perovskite layer with long-term operational stability. To address 

this, antisolvent engineering and surface passivation techniques have been widely adopted. 

However, commonly used antisolvents such as chlorobenzene and toluene pose significant health 

and environmental risks due to their toxicity. In this study, tetraethyl orthosilicate (TEOS) was 

explored as a safer alternative. Devices were fabricated using a carbon-based monolithic structure. 

Through systematic optimization, using TEOS as an antisolvent yielded a power conversion 

efficiency (PCE) of 1.16%. Further improvement was achieved by combining TEOS as an 

antisolvent and a passivation agent, resulting in the highest recorded PCE of 2.28%. These results 

highlight the potential of TEOS to enhance both the performance and safety profile of PSCs, 

offering a promising direction for sustainable PSC fabrication.  
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1. Introduction  

The development of solar cell technologies plays a vital 

role in supporting 7th Sustainable Development Goal, 

which promotes access to clean and affordable energy1). 

Among the emerging photovoltaic technologies, 

perovskite solar cells (PSCs) have shown remarkable 

progress owing to their rapidly increasing power 

conversion efficiencies and relatively simple fabrication 

processes2). Since the pioneering work of Kojima et al.3), 

continuous improvements have enabled PSCs to approach 

the performance of conventional photovoltaic 

technologies4). 

A key factor influencing PSC performance is the quality of 

the perovskite layer5). Poor film quality can introduce 

defects that promote non-radiative recombination and 

degrade device performance. Consequently, considerable 

effort has been devoted to improving perovskite film 

quality through crystallization engineering and defect 

management6). 

Antisolvent treatment is one of the most widely adopted 

techniques for promoting rapid crystallization and 

producing uniform perovskite films7,8). The choice of 

antisolvent strongly influences crystal growth, grain size, 

and film morphology9). Another effective approach is 

surface passivation, which reduces defect density and 

suppresses charge recombination at grain boundaries and 

interfaces10). Interface engineering has also been 

demonstrated to improve charge extraction and operational 

stability of PSCs11). Furthermore, various passivation 

materials have been reported to effectively mitigate defect 

states and improve photovoltaic performance12). The 

combination of antisolvent treatment and surface 

passivation, commonly referred to as antisolvent- and 

surface-assisted crystallization, has become one of the 

most practical and economical approaches compared with 

sequential deposition, two-step deposition, and vapor 

deposition. Green antisolvent processing has also attracted 

increasing attention as a sustainable fabrication strategy13). 

Traditional antisolvents like chlorobenzene (CB, LD₅₀: 

2290 mg·kg⁻¹) and toluene (TL, LD₅₀: 5000 mg·kg⁻¹) are 

effective but highly toxic. Tetraethyl orthosilicate (TEOS) 

is introduced as a safer alternative (LD₅₀: 6270 mg·kg⁻¹), 

offering dual benefits as an antisolvent to enhance 

crystallization and as a passivation agent to heal surface 
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defects and improve stability14,15). Prior studies have 

shown the individual success of both TEOS-based 

passivation and antisolvent methods, highlighting TEOS's 

potential to combine both advantages efficiently. Isa et al. 

proposed a passivation method using TEOS by applying 

small amount of it onto perovskite films in 

FTO/ TiO2/ CH3NH3PbI3-xClx/ TEOS/ CuSCN/ Carbon 

PSCs structure16). Meanwhile, Wang et al. introduced 

TEOS in an antisolvent treatment 

(ITO/ NiO/ CH3NH3PbI3+TEOS/ PC61BM/ BCP/ Ag), 

achieving an efficiency of 17.02%14). A similar approach 

was proposed by Samadpour et al. by incorporating TEOS 

into chlorobenzene antisolvent for triple cation PSCs17). 

However, some of the mentioned studies were developed 

using a stack architecture that uses a metal counter 

electrode or processed under controlled environments (i.e., 

inside a glove box) to suppress the rapid degradation 

progression of the perovskite material in ambient 

conditions. To increase the feasibility of PSC on 

commercialization, further engineering and studies need to 

be conducted, especially on the fabrication process and 

device structure. A monolithic electrode structure was 

proposed to simplify the PSCs structure and remove the 

dependence on the metal counter electrode by utilizing a 

carbon counter electrode18,19). Furthermore, PSC processed 

under ambient conditions needs further research to study 

the possibility of fabrication outside the glove box to 

suppress manufacturing costs. 

In this study, TEOS was employed simultaneously as both 

an antisolvent during perovskite film formation and a 

passivation agent after film deposition. Although TEOS 

has previously been investigated individually as either an 

antisolvent or a passivation material for PSCs, its 

integrated application for both functions in a single 

fabrication process has received very limited attention. The 

proposed method could synergistically enhance the 

structural and electrical quality of the perovskite layer. 

This approach is especially relevant for monolithic PSC 

structures, which offer advantages in scalability and 

fabrication simplicity but typically suffer from lower 

efficiencies than sandwich- or stack-type architectures. 

Furthermore, the development of the proposed PSC in 

ambient conditions provides further insight into the 

feasibility of a low-manufacturing cost of PSC, in addition 

to the environmentally safer selection of processing 

materials. To further evaluate the effectiveness of this 

strategy, the TEOS concentration was systematically 

optimized to identify the conditions that provide the best 

balance between photovoltaic performance, electrical 

resistance, and long-term stability. 

2. Device Configuration 

The device structure used in this study was adapted from 

the architecture reported by previous works, with  

 

Fig. 1: Monolithic solar cell structure used in this works 

additional investigation focusing on the perovskite layer 

through the application of antisolvent and passivation 

methods19). This monolithic configuration supports a 

simplified fabrication process and offers promising 

scalability for large-area device production. In this 

structure, all layers were sequentially deposited onto a 

fluorine-doped tin oxide (FTO)-coated glass substrate that 

had been etched to isolate the anode and cathode regions20). 

Figure 1 shows the layer structure of the monolithic PSC 

fabricated in this study. 

As the electron transport layer (ETL), titanium dioxide 

(TiO2) was selected due to its transparency and favourable 

energy alignment with the perovskite. TiO2 has a band gap 

of approximately 2.8 eV, with conduction and valence 

band energy levels of −4.1 eV and −7.3 eV, respectively21).  

The TiO2 layer was fabricated in two stages using different 

deposition methods. The compact TiO2 (c-TiO2) was 

deposited via spray coating to form a dense, pinhole-free 

layer. The mesoporous TiO2 (m-TiO2) layer was 

subsequently deposited by spin coating to produce a 

porous structure22). Such a mesoporous architecture 

facilitates the infiltration and crystallization of the 

perovskite absorber within the TiO2 scaffold, thereby 

increasing the interfacial contact area between the ETL and 

the active layer23). Improved interfacial contact contributes 

to more efficient electron extraction and can suppress 

hysteresis in PSCs24). 

The perovskite material used in this study was 

CH3NH3PbI3-xClx, with a band gap of 1.68 eV, a 

conduction band minimum at −3.75 eV, and a valence 

band maximum at −5.43 eV25). These energy levels are 

well aligned with those of adjacent layers, facilitating 

efficient charge transport. Copper thiocyanate (CuSCN) 

was employed as the hole transport layer (HTL) due to its 

wide band gap of 3.6 eV and favorable energy levels 

(−1.8 eV conduction, −5.4 eV valence), making it 

compatible with the perovskite for selective hole 

extraction26). Graphite-based carbon was used as the top 

electrode, with a conduction level of approximately  

−5.0 eV27), while FTO, which serves as both anode and 

cathode depending on the charge carrier direction, has a 

conduction level of −4.4 eV28). A full band diagram 
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Fig. 2: Band gap alignment of monolithic PSC 

illustrating this device architecture is shown in Figure 2. 

3. Experimental Methods 

3.1. Materials  

The materials used in this study were as follows: FTO glass 

substrates (sheet resistance: ~7 Ω/sq, Sigma-Aldrich), 

titanium (IV) isopropoxide (TTIP, 97%, Sigma-Aldrich), 

absolute ethanol (EMSURE®, Merck), acetylacetone 

(ReagenPlus®, Sigma-Aldrich), TiO2 paste (PST-18NR, 

JCG Catalysts and Chemicals), 

methylammonium iodide (MAI, ≥99%, anhydrous, Sigma-

Aldrich), lead (II) chloride (PbCl2, 98%, Sigma-Aldrich), 

N,N-dimethylformamide (DMF, 99.8%, Sigma-Aldrich), 

TEOS (98%, reagent grade, Sigma-Aldrich), CuSCN (99%, 

Sigma-Aldrich), dipropyl sulphide (DPS, 97%, Sigma-

Aldrich), deionized water (Onelab), hydrochloric acid 

(37%, EMSURE®, Merck), zinc powder (Sigma-Aldrich), 

and graphite powder (Shanghai Zhanyun Chemical). 

The preparation of precursor solutions involved multiple 

components essential for the fabrication of PSCs. The c-

TiO2 precursor was prepared by mixing 0.6 mL TTIP, 

0.4 mL acetylacetone, and 9 mL absolute ethanol, stirred at 

room temperature for 15 minutes to yield a clear yellow 

solution. For the m-TiO2, a 1:3 mass ratio of TiO2 paste 

(PST-18NR) to ethanol was stirred for 15 minutes to form 

a homogeneous white suspension. The perovskite 

precursor was obtained by dissolving PbCl2 and MAI in 

anhydrous DMF with a molar ratio of 1:3, then stirred at 

80 °C for 1 hour until a deep yellow, precipitate-free 

solution formed. The CuSCN precursor for the hole 

transport layer was prepared by dissolving 6 mg/mL of 

CuSCN powder in DPS, stirred continuously for at least 8 

hours at room temperature until a clear and homogeneous 

solution was achieved. For the electrode, graphite powder 

was mixed with acetylene black to produce a uniform 

mixture suitable for use as a carbon electrode. 

 

Fig. 3: Monolithic PSC fabrication steps 

3.2. Fabrication and Characterization 

This study comprises fabrication stages and 

characterization stage, as shown in Figure 3 and all stages 

were performed under ambient conditions. Substrate 

preparation involved cutting FTO glass (2.5 cm x 1.25 cm), 

ultrasonic cleaning in deionized water, ethanol, and 

acetone (5 min each), and drying at 70 °C. Etching was 

done using zinc powder and HCl solution (5 min) with 

Kapton tape masking, followed by rinsing and electrical 

isolation verification.  

The c-TiO2 layer was deposited via spray coating of a 

2.5 mL precursor in four layers with intermediate drying at 

250 °C and final annealing at 550 °C. The m-TiO2 layer 

was applied by spin coating (50 µL, 4000 rpm, 20 s) and 

annealed at 550 °C for 30 min. Perovskite deposition used 

spin coating (40 µL, 4000 rpm, 20 s) with four variations: 

pure CH₃NH₃PbI3-xClx, with TEOS passivation, TEOS 

antisolvent, and a combination. TEOS antisolvent was 

optimized by drop-casting 0–120 µL (0:1 to 3:1 ratio) 5 s 

before the spin cycle ended. A further optimization 

included 0.25 mol% TEOS in the precursor to examine 

synergy with the antisolvent. CuSCN as the hole transport 

layer was deposited by spin coating (40 µL, 4000 rpm, 

20 s) and annealed at 80 °C for 15 min. The carbon 

electrode was applied using graphite powder spread and 

compressed with a glass plate to ensure firm contact with 

CuSCN. For each experimental condition, three 

independent devices were fabricated to evaluate the 

reproducibility of the fabrication process, and the 

best-performing device was selected for photovoltaic 

characterization and discussion. 

Device characterization included current-voltage (I-V) 

measurements in the dark using a Keithley 4200A-SCS, 

and under natural sunlight with an irradiance of 700–900 

W/m2 around solar noon. The solar irradiance was 

monitored using a Lutron SPM-1116SD Solar Power 

Meter (resolution of 0.1 W/m2 for irradiance below 1000 

W/m2 and 1 W/m2 for irradiance of 1000 W/m2 or higher), 

together with a multimeter for electrical measurements. 

Resistance analysis was performed using electrochemical 

impedance spectroscopy (EIS) (0.1 Hz – 200 kHz) with a 

PalmSens EmStat4s. 
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Table 1: Measured photovoltaic parameters of TEOS 

antisolvent only optimization 

Drop Volume 

(µL) 
VOC (V) 

JSC 

(mA/cm2) 
FF 

PCE 

(%) 

0 0.69 0.28 0.53 0.34 

40 1.15 0.34 0.71 0.90 

80 0.93 0.52 0.69 1.06 

120 0.83 0.15 0.79 0.30 

 

Fig. 4: J–V curves for the optimization of TEOS 

antisolvent volume 

4. Results and Discussion 

The photovoltaic performance shown in Table 1 derived 

from the current density-voltage (J-V) curve (Figure 4) is 

the result of an optimization study using TEOS as an 

antisolvent only, without any additional passivation 

treatment. Among the tested drop volumes, the optimal 

amount of TEOS was found to be 80 µL, yielding the 

highest power conversion efficiency (PCE) of 1.06%.This 

performance improvement is mainly due to the significant 

increase in short-circuit current density (JSC), which 

reached 0.52 mA/cm² at 80 µL. Although the fill factor 

(FF) and open-circuit voltage (VOC) remained relatively 

stable or even improved at higher drop volumes (e.g., 120 

µL), the sharp decrease in JSC resulted in a notable drop in 

efficiency (down to 0.30%). It was observed that varying 

the volume of TEOS as an antisolvent significantly 

impacts the crystallization and efficiency of PSCs. It worth 

noting that insufficient antisolvent slows crystallization 

whereas excessive antisolvent causes rapid crystallization 

and material loss29). 

In addition to electrical measurements, Figure 5 shows the 

macroscopic appearance of the perovskite films with 

different TEOS drop volumes. Among all samples, the film 

treated with 80 µL of TEOS appears the most uniform and 

homogeneous, suggesting better film formation. This 

improved surface quality likely contributes to the higher 

photovoltaic performance observed in the optimized 

condition. 

Subsequent optimization of the TEOS drop volume in the 

combined antisolvent–passivation strategy (with 

 

Fig. 5: Macroscopic images of perovskite films processed 

using TEOS as the antisolvent at different volumes: 

(a) reference without TEOS (0 µL), (b) 40 µL, (c) 80 µL, 

and (d) 120 µL 

0.25 mol% TEOS as passivation additive) revealed that a 

drop volume of 40 µL yielded the best photovoltaic 

performance. Conversely, the lowest efficiency was 

obtained from the sample with a 120 µL drop volume. This 

combined method resulted in a 74.8% increase in 

efficiency compared to the sample using only the 

passivation method (0 µL drop volume). Notably, the 

optimal range of drop volumes in the combined method is 

narrower than in the antisolvent-only optimization, which 

showed optimal performance at both 40 µL and 80 µL. In 

contrast, the combined method showed a clear efficiency 

peak exclusively at 40 µL, as illustrated in Figure 6 (with 

corresponding photovoltaic performance in Table 2).  

The reduction in the optimal drop volume suggests an 

interaction between TEOS introduced during the 

passivation step and the antisolvent, which likely arises 

from enhanced supersaturation induced by TEOS in the 

precursor. Under ambient conditions, TEOS hydrolyses 

into silanol and ethanol, as shown in Equation 1. 

Si(OC2H5)4 + 4H2O → Si(OH)4 + 4C2H5OH  (1) 

The silanol increases the solute concentration in the 

precursor solution, promoting an earlier onset of 

supersaturation30). As a result, a lower amount of 

antisolvent is needed to reach the optimal crystallization 

point. This explains why 40 µL was optimal in the 

combined method, compared to 80 µL in the 

antisolvent-only condition.  

Macroscopic inspection of the perovskite layers, shown in 

Figure 7, indicates no drastic visual difference between 

most samples. However, the perovskite layer under 40 µL 

conditions, displayed the darkest and most uniform 

Table 2: Photovoltaic parameters of PSCs with perovskite 

passivation, processed using different TEOS antisolvent 

volumes 

Drop Volume 

(µL) 
VOC (V) 

JSC 

(mA/cm2) 
FF 

PCE 

(%) 

0 0.63 0.49 0.44 0.66 

40 0.73 0.52 0.67 1.16 

80 0.75 0.31 0.65 0.69 

120 0.74 0.25 0.62 0.48 
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Fig. 6: J–V curves of PSCs with perovskite passivation, 

processed using different TEOS antisolvent volumes 

perovskite film, indicating the best crystallization quality 

among the tested conditions. In contrast, the 120 µL 

sample showed visible inhomogeneity due to excessive 

antisolvent, while the 0 µL sample appeared pale, 

indicating insufficient crystal growth.  

Finally, Table 3 presents the results of the photovoltaic 

performance parameters measured for four different 

samples: reference (without treatment), antisolvent, 

passivation, and the combination of antisolvent and 

passivation. Figure 8 shows the J-V curves for each sample. 

The combination sample shows the highest PCE at 2.28%, 

followed by the passivation sample (1.82%), antisolvent 

(1.28%), and the reference sample (0.61%). The highest 

JSC is found in the combination sample (3.12 mA/cm²), 

while the VOC remains relatively consistent across the three 

samples with methods, ranging between 0.80–0.82 V. The 

reference sample exhibits the lowest values for both VOC 

and JSC. 

The efficiency improvement can be attributed to two 

enhancement mechanisms: first, the passivation method 

plays a role in minimizing pinholes through the formation 

of a SiO2 structure; second, the antisolvent method 

promotes the growth of perovskite crystals with improved 

uniformity and morphology31,32). 

Figure 9 presents the efficiency measurements after 7 and 

14 days of storage at room temperature and 50–70% 

humidity. The combination sample (antisolvent and 

passivation) shows the best performance in maintaining its 

efficiency, with only a slight decrease of 2.3% after 

14 days. In contrast, the reference sample experiences a 

efficiency drop, with a 42.5% decrease after 14 days, 

indicating a much higher instability under these conditions. 

Previous research indicates that TEOS-based passivation 

also forms a SiO2 layer that acts as a barrier against 

moisture, which would otherwise degrade the perovskite 

layer32,33). Furthermore, Samadpour et al, highlighted that 

perovskite films with poor homogeneity and numerous 

pinholes are more susceptible to degradation due to 

increased pore density, which allows for greater exposure 

 

Fig. 7: Macroscopic images of perovskite films processed 

using TEOS passivation and TEOS as the antisolvent at 

different volumes: (a) reference without TEOS (0 µL), (b) 

40 µL, (c) 80 µL, and (d) 120 µL 

Table 3: Photovoltaic performance parameters of PSCs under 

different antisolvent and passivation treatments 

Condition VOC (V) 
JSC 

(mA/cm2) 
FF 

PCE 

(%) 

Reference 0.61 0.10 0.65 0.61 

Antisolvent 0.80 1.29 0.71 1.28 

Passivation 0.82 2.35 0.64 1.82 

Antisolvent + 

Passivation 
0.82 3.12 0.63 2.28 

to moisture and a higher likelihood of ion diffusion17). 

Impedance analysis using Nyquist plots in Figure 10 and 

the corresponding resistance values (Table 4) reveal 

significant variation in the recombination resistance (Rrec) 

among the samples, with the combination sample showing 

the highest Rrec value of 3868.5 Ω, indicating the lowest 

recombination rate. In contrast, the reference sample has 

the lowest Rrec at 535.62 Ω, reflecting a higher 

recombination rate34).  

The series resistance (Rseries) and charge transfer resistance 

(Rtrans) remain relatively similar across all samples, 

showing no significant variation. 

The relatively constant Rseries values in this study arise from 

the similar electrode configuration and the PSCs’ structure 

across the samples. It is worth noting that the Rseries value 

depends on the conductivities of the electrodes (FTO and 

carbon) as well as the bulk resistance of the devices35). 

 

Fig. 8: J-V curves of PSCs under different antisolvent and 

passivation treatments 
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Fig. 9: PCE evolution of PSCs under different conditions 

after 14 days of aging 

 

Fig. 10: Nyquist plots obtained from EIS measurements of 

PSCs with different perovskite layer treatments 

Table 4: Resistance value derived from EIS measurement 

Condition Rseries (Ω) Rtrans (Ω) Rrec (Ω) 

Reference 24.31 102.65 535.62 

Antisolvent 30.31 102.60 889.36 

Passivation 25.95 121.68 325.60 

Antisolvent + 

Passivation 
25.87 118.63 3868.50 

On the other hand, variations in Rtrans may arise from 

differences in interfacial charge-transfer resistance; 

however, because no variation in interfacial layers was 

introduced among the tested samples, it can be inferred that 

the interfacial properties across all samples are uniform. 

The impedance measurement aligns with photovoltaic 

performance: the combination sample, which has the 

highest Rrec, has the highest efficiency, whereas the 

reference sample, with the lowest Rrec, exhibits the lowest 

efficiency.  

Previous studies have reported that improved perovskite 

crystallization and effective defect passivation suppress 

non-radiative recombination, resulting in higher 

recombination resistance and enhanced photovoltaic 

performance35). Therefore, the correlation between the 

photovoltaic performance and impedance characteristics 

observed in this study is consistent with the proposed role 

of the combined TEOS antisolvent and passivation 

treatment in improving the quality of the perovskite layer. 

Nevertheless, direct morphological and structural 

characterization will be required to further verify this 

mechanism in future work. 

Although the highest PCE achieved in this study was 

relatively modest, the results can be interpreted in the 

context of the device architecture and fabrication 

conditions. The use of a monolithic carbon-based structure 

generally results in lower efficiencies than conventional 

sandwich-type PSCs because of less efficient charge 

extraction and higher interfacial resistance associated with 

carbon electrodes18). In addition, device fabrication under 

ambient conditions exposes the perovskite layer to 

moisture, which can accelerate degradation during 

processing and affect film quality and photovoltaic 

performance36). Nevertheless, the use of TEOS as a 

low-toxicity antisolvent and passivation agent, together 

with ambient processing and monolithic carbon-based 

electrodes, demonstrates a promising approach toward 

environmentally safer and scalable PSC fabrication. 

Further improvements in interface engineering, film 

quality, and environmental control during fabrication are 

expected to enhance device performance. 

5. Conclusions 

To sum this up, the combination of 40 µL TEOS as an 

antisolvent and 0.25 mol% TEOS for passivation in 

CH3NH3PbI3-xClx perovskite fabrication proved to be the 

most effective approach, resulting in the highest efficiency 

of 2.28% and enhanced device stability. This method 

notably increased the Rrec to 3868.5 Ω while keeping Rseries 

and Rtrans relatively consistent, thereby confirming its role 

in suppressing secondary recombination and improving 

the structural and electrical quality of the perovskite layer. 
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