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 This study investigated the fabrication and characterization of CH3NH3PbI3 

based perovskite solar cells (PSCs) using the one-step spin coating technique 

under ambient conditions, eliminating the need for expensive glovebox and 

thermal evaporation equipment. The perovskite layer was annealed at 65 °C 

for 30 seconds and 100 °C for 30 seconds, 1 and 2 minutes. The scanning 

electron microscope (SEM) images show a smooth and uniform surface 

coverage for the ETL and CH3NH3PbI3 layers. SEM results also show an 
average grain size of 397 nm for CH3NH3PbI3 and an average particle size of 

~17 nm for TiO2 was confirmed by transmission electron microscopy 

(TEM). X-ray diffraction (XRD) results confirmed the formation of 

tetragonal perovskite (CH3NH3PbI3) phase with high crystallinity with a 
crystallite size of 19.99 nm for the samples annealed for 30 seconds at 65 °C 

and 1 min at 100 °C. FTIR results also confirmed the presence of anatase 

TiO2 at wavenumber 438 cm-1 and the formation of the adduct of Pb2 with 

dimethyl sulfoxide (DMSO) and MAI is confirmed at 1,015 cm-1. From the 
Tauc plot the bandgap energy of TiO2 and Perovskite layers was determined 

to be 3.52 eV and 2.06 eV respectively. An open-circuit voltage was 0.9057 

V and short circuit current density was 12.2185 mA/cm2 with a fill factor of 

48.05 and power conversion efficiency (PCE) of 5.199%. 
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1. INTRODUCTION  

Perovskite solar cells (PSC) has attracted much interest in recent years from researchers due to its 

potential as a next generation thin film solar technology. The attract features of PSC include high efficiency, 

low manufacturing costs, versatility and flexibility. This opens up the possibilities of applications in building 

integrated photovoltaics (BIPV), wearable electronics and integration into curved or irregular shaped 

structures. 

The absorbing material of PSC devices with the generic crystal structure ABX3 is referred to as 

perovskite [1]. So far, the most efficient PSC devices have been created using the following materials in the 

perovskite form of ABX3 with methyl ammonium (CH3NH3) as (A), metal like lead (Pb) or tin (Sn) as (B), 

and a halide bromide (Br3), iodide (I3), or chloride (Cl3) as X3 [2]. This perovskite material has the following 

attractive features: a low bandgap that allows lighter to be absorbed, a high carrier charge mobility that 

allows the created electron and hole to move through the material without much resistance, and a high 

diffusion length that prevents electron-hole pair recombination [3]. 

 

https://creativecommons.org/licenses/by-sa/4.0/
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As depicted in Figure 1, light is transmitted through the fluorine doped tin-oxide (FTO) and electron 

transport layer (TiO2) and absorbed by the perovskite layer to cause charge separation. This process excites 

an electron into the conduction band and creates a hole (positive charge) in the valence band. While the 

electrons are injected into the electron-transport layer and the holes into the hole-transport layer (Spiro-

OMeTad), the positive holes in the cathode layer are filled by the electrons after they have passed via an 

external circuit. As shown in Figure 1, a closed-circuit cell is created by connecting the transparent FTO 

electrode and the rear contact metal electrode [4], [5]. 

With a record PCE of 22.1%, metal halide perovskite (MHP) solar cells have shown the fastest rate 

of improvement in power conversion efficiency (PCE) among all photovoltaic technologies to date. MHP 

solar cells are now as efficient as silicon solar cells [6]. Additionally, earth-abundant compositions and 

inexpensive solution processing techniques can be used to create MHP solar cells. As a result, they have a 

stronger chance of realizing more competitive solar cell power technology from an economic perspective [7]. 

Much of the improvements to the performance of perovskite can be attributed to the refinement of 

the perovskite layer fabrications protocols. There have been several techniques developed such as the one-

step, two-step spin coating solution method, solvent engineering method, anti-solvent engineering method as 

well as vacuum and vapor-assisted methods. The spin coating solution method is considered the most 

affordable deposition technique for research purposes which allows for fairly uniform surface coverage. Both 

the one and two-step deposition techniques for CH3NH3PbI3 were investigated by Ahn et al. [8] and  

Im et al. [9]. Ahn et al. [8] showed that for the one-step method, the CH3NH3PbI3 perovskite precursor 

solution was annealed at 40 °C for 3 min and 100 °C for 5 min to obtain a PCE of 7.5%. For the two-step 

method under the same annealing setting Im et al. [9] achieved a PCE of 13.9%. For a similar CH3NH3PbI3 

perovskite precursor composition, Ozaki et al. [10] achieved a PCE of 20.3% using the one-step method with 

an annealing setting of 40 °C for 5 min, 55 °C for 5 min, and 75 °C for 5 min and 100 °C for 30 minutes. By 

applying an anti-solvent during the last 2 seconds of the perovskite spin coating stage the desired high 

crystalline formation of tetragonal crystal structure perovskite was formed. Regardless of the method, a high 

degree of crystallinity, flat and dense perovskite layers are critical for low surface defects, energy losses, and 

high-power conversion efficiency. These characteristics play a vital role in minimizing the formation of 

pinholes and short-circuiting of the PSC device. However high efficiency and reproducible PSCs are 

fabricated using expensive deposition equipment, a clean room, glovebox, and thermal evaporation 

equipment which can limit research in the development of PSCs. 

It is within this context of varying reports of annealing time at 100 °C that we focused on the widely 

used CH3NH3PbI3 as the perovskite material developed with the one-step spin coating method and anti-

solvent technique for an investigation into the crystal structure and performance under different annealing 

settings. The perovskite layer was annealed under three different settings of 65 °C for 30 s and 100 °C for  

30 s, 65 °C for 30 s and 100 °C for 1 minute and 65 °C for 30 s and 100 °C for 2 minutes under ambient 

conditions. Modified spin coating parameter setting, perovskite annealing setting, and vacuum storage are 

provided to reliably fabricate and reproduce PSCs. After applying these methods a maximum PCE of 5.199% 

was achieved with reliabilty and reproducibility. The paper structure is as follows; in section 2 the fabrication 

method is presented. In section 3 we present the perfomance results and discussion of the characterization 

techniques used to determine the structural, morphological and optical properties. Our observations and 

recommendations are concluded in section 4. 

 

 

 
 

Figure 1. Typical PSC planar architecture and operation  
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2. CHEMICALS AND FABRICATION METHOD 

2.1.  Chemicals 

The electron transport layer consisted of Titanium isopropoxide (TTIP), ethanol (EtOH, super 

dehydrated,) and hydrochloric acid (HCL). The perovskite absorber layer consisted of Methyl ammonium 

iodide (MAI, 99%), Lead (II) Iodide (PbI2, 99.9%), dimethylformamide (DMF, super hydrated), dimethyl-

sulfoxide (DMSO, super hydrated), di-ethyl ether.  The hole transport layer consisted of 2, 2’, 7, 7’-Tetrakis 

(N, N-di-p-methoxyphenylamino)-9, 9’- Spirobifluorene (Spiro- OMeTAD powder), 4- Tert – Butylpyridine 

(TBP, 96%), Bis (triflouromethane sulfonimide lithium salt (LiTFSI), chlorobenzene. All chemicals were 

purchased from Sigma- Aldrich Co.  

 

2.2.  Device fabrication 

All layers of the PSC shown if Figure 2 were fabricated under ambient conditions, relative humidity 

was maintained at < 65% at a controlled room temperature of (~20°C) and was adapted and modified from 

[8]−[10]. Step 1: Fluorine-doped tin oxide glass substrates (25 mm x 25 mm) were cleaned in beakers 

containing detergent and deionized water, and ultrasonically cleaned in ethanol for 20 minutes at 80 °C. 

Substrates were carefully removed and rinsed in deionized water, dried on a hotplate and then placed in a 

UVO cleaner for 15 minutes for further cleaning before depositing the TiO2 layer. A piece of tape was placed 

5 mm from the top edge, leaving the front FTO anode contact exposed and leaving 20 mm x 20 mm space 

available for the depositing of the precursor solutions.  

Step 2: the 0.22M, TiO2 electron transport layer precursor solution was prepared by vigorously 

stirring 14.29 ml of ethanol and 0.28 ml of 2M HCL on a magnetic stirrer for 30 minutes, 1 ml of TTIP was 

added dropwise to this solution and was allowed to stir vigorously for 2 hours at room temperature. The TiO2 

precursor solution was then filtered using a 0.45 µm Teflon filter before spin coating to ensure the solution 

was free of any undissolved particles thus ensuring a smooth and uniform surface coverage was obtained.  

The 300 µl TiO2 solution was dynamically spin-coated on the UVO-treated FTO at 1000 rpm for 15 seconds 

and annealed to 550 °C for 30 minutes to form a transparent, smooth, and homogeneous electron transport 

thin film layer as shown in Figure 2(a). 

For the synthesis of the TiO2 nanoparticles, the remaining 0.22 M solution was then left to age for 

~72 days until a clear and transparent gel is formed. The gel was placed in a hot air dryer for 12 hours at a 

temperature of 80 °C to form a dry TiO2 powder. The dried TiO2 powder is then placed in a furnace and 

heated to 550 °C for 30 minutes to form anatase TiO2 nanoparticles for Fourier transform infrared 

spectroscopy (FTIR), X-ray diffraction (XRD), and transmission electron microscopy (TEM) 

characterization. 

Step 3: the perovskite absorber layer was prepared by dissolving 0.16 g methyl ammonium iodide 

and 0.46 g lead iodide into 0.08 ml dimethyl sulfoxide (DMSO) and 0.6 ml DMF. This was stirred for ~24 

hours to ensure a homogenous solution before deposition onto the TiO2 layer. The TiO2 layer was UVO 

treated again for 15 minutes before spin-coating 250 µl of the perovskite solution at 5000 rpm for 15 seconds 

with 350 µl of di-ethyl ether slowly dripped from approximately 2cm away from the rotating substrate during 

the last 5 seconds. The coated surface was placed on a digital hotplate at 65 °C for 30 seconds then slowly 

ramped up to 100 °C and annealed for 1 minute to form the dark brown and transparent perovskite layer 

shown in Figure 2(b). This was then transferred immediately into a vacuum desiccator before deposition of 

the hole transport layer (HTL) to minimize the effects of degradation of the perovskite layer due to humidity. 

Step 4: the HTL was prepared by dissolving 0.52 g of LiTFSI in 1 ml acetonitrile and stirred 

vigorously for 10 minutes to form the LiTFSI stock solution. Then 0. 07g of Spiro-OMeTAD powder was 

added to 1 ml chlorobenzene and stirred vigorously for 10 minutes to form the Spiro-OMeTAD solution. 

Thereafter 0. 03 ml of tBP and 0. 02 ml of the LiTFSI solution was added to the Spiro-OMeTAD solution 

and stirred for 30 minutes to form the HTL precursor solution. Lastly, 200 µl of the HTL solution was 

dynamically spin-coated on top of the perovskite layer at 1000 rpm for 15 seconds and placed in a vacuum 

desiccator to oxidize overnight, before the immediate application of 8 mg activated carbon powder and FTO 

as the back conductive cathode contact (steps 5 & 6) with binder clips to hold the PSC together shown in 

Figure 2(c). This allowed minimum exposure of our cells to environmental conditions and performance 

reduction. The complete step-by-step fabrication is shown in Figure 2(d). 

 

2.3.  Characterization equipment 

The identification of the functional groups was acquired by Agilent Cary 630 attenuated total refl 

ectance-Fourier transform infrared (ATR-FTIR) using a diamond crystal operating between 400-4000 cm-1. 

The X-Ray Diffractometer, model: D8 Advanc, make: M/s Bruker AXS, Germany was used to determine the 

perovskite structure. The surface morphology properties and elemental percentage concentration was 
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characterized by the Zeiss scanning electron microscope (SEM) operating at 40 kV and 40 mA and energy 

dispersive X-Ray (EDX). Particle size was determined by TEM using Image J software. The optical 

properties were obtained by the agilent cary 60 UV-Vis-NIR spectrometer. Bandgaps were calculated using 

the TAUC plot with a direct bandgap power factor. The photovoltaic properties were measured with a 

Keithley 2460 source measuring unit and an illumination light source of AM 1.5 (100 mW/cm2). 
 

 

   
(a) (b) (c) 

 

 
(d) 

 

Figure 2. Perovskite solar cell fabrication; (a) TiO2 spin coated on FTO glass substrate, (b) methyl 

ammonium lead iodide spin-coated and annealed on TiO2 layer, (c) completed PSC, and (d) fabrication steps 

of PSC 
 

 

3. RESULTS AND DISCUSSION  

3.1.  X- Ray diffraction: structural properties of CH3NH3PbI3 

The XRD results of perovskite films annealed at 65 °C for 30 seconds and then annealed at 100 °C 

for 30 s, 1min, and 2 minutes are presented in Figure 3. Strong peaks at 14.06° (110), 28.15° (220) and 

31.68° (312) indicate the formation of tetragonal perovskite (CH3NH3PbI3) phase [11] with high crystallinity 

for the samples annealed for 30 sec and 1 min. This verified the annealing settings of the work done by  

Ahn et al. [8] and was used for further characterization of the material’s properties. According to Figure 3 the 

lead iodide phase in the XRD pattern of the sample annealed for 30 sec may be due to the residual phase 

from preparation which remains within the bulk of the material. In other words, the annealing time was not 

sufficient to completely convert the precursors to the perovskite phase. For the sample annealed for 2 min, 

the peaks at 13.59° (001), 27.58° (101), 30.49° (102), 43.52° (111), 50.17° (201), and 73.57° (105) 

correspond to hexagonal lead iodide phase (JCPDS No. 07-0235) [12] . The PbI2 phase is formed due to the 

decomposition of the perovskite phase upon annealing at 100 °C, where methyl ammonium iodide 

(CH3NH3I) escaped from the Perovskite film to form lead iodide by heating for a longer time (2 min). It was 

found previously that during the annealing process, CH3NH3I can escape if annealed too long ,especially for 

some loosely bonded Perovskite phases [13], [14]. 

The average crystallite size of the under-studied samples was calculated by resolving the 

characteristic peaks using Debye-Scherer’s formula [15]: 
 

D =  K λ/ βcos (θ) (1) 
 

where K is the shape factor (0.9), D is the average crystallite size, β is the half-width of the measured 

diffraction peak, θ is the diffraction angle, and λ is the X-ray wavelength (0.154 nm). The crystallite size for 

the perovskite phase was equal to 14.32 nm and 19.99 nm for the samples annealed at 65 °C for 30 s and  

100 °C for 30 s and 65 °C for 30 s and 100 °C for 1 min, respectively. In addition, the crystallite size of the 

PbI2 phase in the sample annealed at 65 °C for 30 s and 100 °C for 2 min was 12.21 nm. The more intense 
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characteristic peaks and larger average crystal size after 65 °C for 30 s and 100 °C for 1 min annealing time 

attributed to the improved crystallinity or composition homogeneity with fewer low-dimensional defects and 

less scattering between grain boundaries in the solvent-annealed perovskite film. 
 

 

 
 

Figure 3. XRD patterns of Perovskite films annealed at 65 °C for 30 s and 100 ˚C for 30 sec, 65 °C for 30 s 

and 100 ˚C for 1 min, 65 °C for 30 s and 100 ˚C for 2 min 
 
 

3.2.  Fourier transform infrared spectroscopy: identification of functional groups 

In the FTIR spectrums shown in Figure 4, it can be seen from Figure 4(a) that there is no presence 

of O-H hydroxyl groups, in the range of wavenumber 3100-3600 cm-1 which can be attributed to the high 

calcination temperature of 550 °C. The hydroxyl groups could interact with the NH4 and CH3 in the 

perovskite causing the decomposition of CH3NH3PbI3 into PbI2 and CH3NH3I which will lead to reduced 

performance of the PSC. The sharp peaks between 528-408 cm-1 indicate that the thin film is well crystallized 

and is assigned to O-Ti-O bonding. The sharp peak at 438 cm-1 is characteristic of TiO2 anatase [16]−[19]. 

FTIR spectroscopy was conducted to identify CH3NH3Pb2I formation. The FTIR spectra in  

Figure 4(b) feature vibrational modes at 3116 cm-1 (N-H stretch), 3116-1569 cm -1 (C-H stretch), 1569 cm-1  

(antisymmetric NH3
+), 1458 cm-1 (symmetric NH3

+bend) ,1015 cm-1 (MAI·PbI2·DMSO) 950 cm-1 (C-N 

stretch) and 907 cm-1 (NH3+/CH3 rock) which is similar to related literature [19]−[23]. The adduct of Pb2 with 

DMSO and MAI is confirmed by FTIR spectroscopy at 1015 cm-1. 
 

 

  
(a) (b) 

 

Figure 4. FTIR spectra (a) FTIR spectra of planar TiO2 thin film annealed at 550 °C and (b) FTIR spectra of 

perovskite thin film 
 

 

3.3.  SEM, TEM and EDX: morphological properties and elemental weight percentage compositions 

The surface morphology and particle size of the TiO2 layer shown in Figure 5. Figure 5(a) was 

observed by scanning electron microscope. The surface morphology of the thin films annealed at 550 °C 

under ambient conditions showed a relatively uniform surface coverage with densely packed TiO2 

nanoparticles confirmed by the TEM results shown in Figure 5(b). Figure 5(c) shows the morphology and 

size distribution of the TiO2 nanoparticles ranging from 5 to 30 nm. To characterize the surface roughness of 

the TiO2 and Perovskite layers, the image J software tool was utilized on the SEM images. The estimated root 
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mean square (RMS) roughness of 21.9 nm was obtained for the TiO2 layer indicating a fairly smooth layer 

coverage; however, an ultra-smooth surface is imperative to achieve better performance as reported by [24], 

[25]. This allows for a smoother surface for the deposition of the perovskite layer and minimizes the 

formation of defects.  The histogram in Figure 5(d) shows that the average particle size of TiO2 nanoparticles 

synthesized was ~ 17 nm. 

The SEM images of the CH3NH3PbI3 thin film and elemental composition is presented in Figure 6. 

Figure 6(a) shows a dense and well-interconnected layer with particle sizes ranging from 50 nm to 800 nm 

with an average particle size of 397 nm shown in Figure 6(b). The estimated root mean square (RMS) 

roughness of 31.75 nm shown if Figure 6(c) was obtained for the Perovskite layer. Highly dense 

CH3NH3PbI3 films were formed by the rapid evaporation of DMF with diethyl ether while spinning for the 

last 5 seconds [10]. Energy dispersive X-ray spectrometry analysis of FTO/TiO2/CH3NH3PbI3 thin films was 

performed to determine and identify the elemental composition and weight percentage (wt %) concentrations. 

Figure 6(d) shows peaks for Ti, O, Sn, I, Pb. The presence of Si is due to the FTO-coated quartz substrate 

used; no other impurities are seen.  
 

 

 
 

(a) (b) 

 

  
(c) (d) 

 

Figure 5. Surface and particle imaging of TiO2; (a) SEM image of TiO2 surface layer, (b) TEM image of TiO2 

nanoparticles, (c) surface roughness of TiO2 layer, and (d) TiO2 nanoparticle size distribution 
 

 

3.4.  UV-Vis spectroscopy: optical properties 

The UV-Vis transmission and absorption spectra shown in Figure 7 were obtained using a Cary 60 

UV-Vis. Figure 7(a) shows the UV-VIS transmission spectra of the FTO and TiO2 thin films. The UV–Vis 

transmission spectra for the TiO2 thin film indicate a ~10% drop in transmission from ~80% for FTO to 

~70% from the visible light to near-infrared regions. The TiO2 layer has a significantly lower absorbance in 

the 300 nm to 800 nm wavelength range as expected when compared to the perovskite layer. The UV–Vis 

absorption spectra in Figure 7(b) shows a redshift to near infrared in the absorption range with the 

introduction of the perovskite layer. The CH3NH3PbI3 shows good light absorption with a bandgap of ~2.06 

eV from the visible light to near-infrared regions. The decrease in bandgap and increase in fermi energy 

allows electrons to move more freely from the valence to the conduction band.  The bandgap (Eg) of the thin 

film samples was calculated using the Tauc plot method. The bandgap energy of 3.52 eV for TiO2 and 2.06 

eV for perovskite was measured by plotting (a/hv)2 as a function of photon energy, and extrapolating the 

linear region of the absorption curve as shown in Figure 7(c). 
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(a) (b) 

 

  
(c) (d) 

 

Figure 6. Perovskite surface and elemental composition; (a) SEM image of the Perovskite surface layer,  

(b) perovskite particle size distribution, (c) surface plot of Perovskite layer, and (d) elemental composition of 

the FTO/TiO2/Perovskite layers 
 

 

  
(a) (b) 

  

 
(c) 

 

Figure 7. UV-Vis spectra; (a) transmission spectra FTO and FTO/ TiO2 layer, (b) absorption spectra of FT0, 

FTO/TiO2 and FTO/TiO2/Perovskite, and (c) band gap energy of TiO2 and Perovskite material 
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3.5.  PSC performance 

The open-circuit voltage (when current is zero), short-circuit current density (when voltage is zero), 

the voltage at maximum power point (Vmpp), and current density at maximum power point (Jmpp) values serve 

as important electrical parameters in determining the efficiency of converting sunlight to electricity in a solar 

cell. The performance measurements shown in Figure 8 were taken using a Kiethley 2460 source measuring 

unit at one sun (100 mW/cm2). The solar cell device described was tested on an active area 0.1 cm2 and gave 

an open-circuit voltage (Voc) of 0.9057 V, short circuit current density up to 12.2185 mA/cm2, PCE of 

5.199% and fill factor of 48.05 was achieved in our device, compared to the fabrication of a vapour-assisted 

PSC solar cell under similar conditions of 0.972 V, 17. 5 mA/cm2, PCE of 11%, and fill factor of 65.2 [26]. 

The voltage and current density at the maximum power point were 0.5763 V and 9.8213 mA/cm2 

respectively, resulting in a maximum power output of 5.2 mW. Energy losses in voltage and current occur due 

to the method of deposition, surface defects, increasing internal recombination of charge carriers, and bandgap 

misalignment between the ETL- Perovskite-HTL interfaces limiting charge transport,Voc and PCE [27]. 

 

 

 
 

Figure 8. J-V curve for PSC 

 

 

4. CONCLUSION  

It has been shown that PSCs can be fabricated without expensive equipment under ambient 

conditions by carefully considering ambient and process parameters. In order to ensure the reliability and 

validity of our experimental setup, we replicated the results of our experiments to investigate how each PSC 

layer could be modified to address the problems identified. During spin coating, it is noted that tape 

protection of the FTO anode contact has limitations, including incomplete surface coverage, uneven surface 

coating, reduced active area, and edge effects, resulting in lower PCE and performance. For large cells and 

commercial viability, this leads to scalability issues. Optimization of the spin coating parameters (spin speed, 

duration, solution concentration), and etching off a small area of FTO, will decrease the active area and allow 

an exposed area for a back contact. This can reduce the effects mentioned and achieve a more even surface 

thickness and uniform coverage. Titanium dioxide annealed at a high temperature of ~ 550 °C consumes high 

amounts of electrical energy during annealing. Consequently, device fabrication is limited to solid substrates 

with good thermal properties. By investigating and optimizing low-temperature annealing materials for ETL 

layers, such as SnO2, we will be able to anneal onto flexible substrates like polyester (PET) and develop 

flexible PSCs allowing for a wide variety of applications.  

The optimum annealing temperature time of the perovskite layer at 100 °C using the anti-solvent 

method was verified and the corresponding material properties were presented and discussed. The structural, 

morphological, optical, and performance properties of the Perovskite absorber and TiO2 electron transport 

layers were systematically studied and presented.  

The results show the formation of a highly crystalline tetrahedral structure for CH3NH3PbI3 via a 

one-step method, a well-interconnected surface layer, significant light absorption and a bandgap of 2.06 eV. 

The anatase phase of TiO2 was confirmed via FTIR at wavenumber 438 cm-1. It had an average particle size 

of ~20 nm, uniform thin film coverage, optical transmission of ~ 70% and a bandgap of 3.52 eV. The PSC 

developed under the mentioned conditions achieved an open circuit voltage of  0.9057 V, short circuit current 

density of 12.2185 mA/cm2, and PCE of 5.199%. 

Perovskites are fabricated using toxic DMF solvents. Investigations into less toxic substitutes 

including N-methyl-2-pyrrolidone (NMP), ethyl acetate (EA) and DMSO, dimethyl propylene urea (DMPU) 

and 2-methyl tetrahydrofuran achieved promising results, although the drop in PCE indicates that solvent 
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engineering research is needed further. By looking at the effects of elemental doping on the ETL, absorber 

layer and HTL, fundamental properties of the ETL, absorber, and HTL layers can be improved. Through 

numerical analysis of SCAPS 1D improving fundamental PV properties can be achieved by including and 

optimizing the buffer layer between the ETL/Perovskite interface and the Perovskite/HTL interface. 

Additionally incorporating a surfactant such as Triton X-100 into the ETL, absorber and HTL, can 

improve film quality, homogeneity, material properties and device performance. Adding small amounts of 

Triton X-100 surfactant to a triple cation mixed halide precursor solution improves film quality, surface 

coverage, wettability, crystallinity, and stability. The HTL precursor solution containing polyanile poly 

(styrenesulfonate) can also be improved by adding Triton X-100, which results in an alternative, less costly, 

and low-temperature HTL option that improves hole extraction, film quality, and PCE.  

As a result of their cost-effective processability and stability in large production processes, carbon-

based electrodes are attractive alternatives to thermal evaporation of back metal contacts at high 

temperatures. There are, however, issues related to poor interface contact and inferior performance between 

perovskite and carbon electrodes that need to be explored in greater detail. As flexible carbon electrodes, 

graphene, carbon nanotubes, and carbon black have shown excellent resistance to mechanical deformation. 

Carbon-based electrodes for PSCs continue to face the challenge of interface contact. The recommendations 

and results indicate that further research into material combination optimization, surfactant engineering, 

elemental doping, and process optimization is required to further improve the fundamental properties of each 

layer of the PSC and its overall performance and stability for commercialization. 
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