
 

 
 

 

 
Chem. Proc. 2021, 3, x. https://doi.org/10.3390/xxxxx www.mdpi.com/journal/chemproc 

Proceedings 1 

Photovoltaic properties and microstructures of polysilane- 2 

added perovskite solar cells 3 

Shinichiro Mizuno 1, Takeo Oku 1*, Atsushi Suzuki 1, Masanobu Okita 2, Sakiko Fukunishi 2, Tomoharu 4 

Tachikawa 2, and Tomoya Hasegawa 2 5 

1 Department of Materials Science, The University of Shiga Prefecture, 2500 Hassaka, Hikone, Shiga 522-8533, 6 
Japan; oe21smizuno@ec.usp.ac.jp (S.M.); suzuki@mat.usp.ac.jp (A.S.) 7 

2 Osaka Gas Chemicals Co., Ltd., 5-11-61 Torishima, Konohana-ku, Osaka 554-0051, Japan; okita@ogc.co.jp 8 
(M.O.); fukunishi@ogc.co.jp (S.F.); t-tachikawa@ogc.co.jp (T.T.); hasegawa_tomoya@ogc.co.jp (T.H.) 9 

* Correspondence: oku@mat.usp.ac.jp; Tel.: +81-749-28-8368 10 

Abstract: CH3NH3PbI3 perovskite photovolt aic devices treated with a polysilane layer were fabri- 11 

cated and characterized. Decaphenylcyclopentasilane (DPPS) in chlorobenzene solution was spin- 12 

coated between the perovskite layer and the hole transport layer of spiro-OMeTAD, and the result- 13 

ing device was annealed at 190 °C. The DPPS-treated devices had higher conversion efficiencies 14 

than the standard one and they were stable in ambient air. Microstructural observations suggested 15 

that DPPS would work effectively a bulk-hetero structure along with perovskite layers. 16 
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1. Introduction 19 

Perovskite solar cells are attracting attention as an alternative to silicon solar cells, 20 

which are currently the most widely studied [1-7]. Silicon solar cells have high conversion 21 

efficiency, but there are challenges in terms of cost and weight. Perovskite solar cells are 22 

generally characterized by high conversion efficiency, low cost, and ease of fabrication 23 

process [8-10]. However, these lead halide compounds are typically unstable in air [11- 24 

13], and the stability of the corresponding perovskite photovoltaic devices should be im- 25 

proved for inclusion in the actual cell module [14-17].  26 

The instability of perovskite photovoltaic devices results from the migration of 27 

CH3NH3 (MA) and iodine (I) and reactivity with H2O [18-23]. To improve the stability of 28 

perovskite photovoltaic devices, polymeric materials and organic semiconductors have 29 

been investigated [24-26]. For instance, in polymeric materials, poly(ethylene oxide), 30 

poly(ethylene glycol) and poly(propylene carbonate) have been used to protect the per- 31 

ovskite layer from oxygen and moisture [27,28] and to enhance stability. Both polymeric 32 

materials formed cross-linked networks comprising perovskite grains, which suppressed 33 

defects. Methods was also developed to ensure long-term stability by passivating the 34 

grain boundaries of perovskite grains using Lewis acid bases and functional groups to 35 

increase the activation energy of decomposition [29-31].  36 

A type that is introduced between the perovskite layer and the hole transport layer 37 

to improve long-term stability and photovoltaic properties has also been studied, and pol- 38 

ysilane derivatives are being considered [32-35]. Polysilane derivatives exhibit two im- 39 

portant advantages. The first relates to polysilanes being p-type semiconductors that fa- 40 

cilitate hole transfer and rectification at the pn junction [36,37]. The second derives from 41 

polysilanes having high stabilities at elevated temperatures up to ~300 °C and are there- 42 

fore expected to act as a protective layer across the perovskite surface. In addition, pol- 43 

ysilanes have been applied to perovskite solar cells, and the photovoltaic properties were 44 

improved, especially by adding decaphenylcyclopentasilane (DPPS) [33-35]. The DPPS- 45 
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doped devices reported so far are based on spin-coating of DPPS on the perovskite layer 1 

using the anti-solvent method, and it is necessary to focus on the morphology of the in- 2 

terface involved in the stability and carrier transport. 3 

The purpose of the present work is to investigate the photovoltaic properties, stabil- 4 

ities and microstructure of DPPS-treated MAPbI3 perovskite solar cells. In this study, the 5 

perovskite layer was formed by annealing the film at 140 °C or 190 °C and DPPS was 6 

treated by an anti-solvent method. The effects of DPPS treatment on the photovoltaic 7 

properties, stability and microstructure of MAPbI3 perovskite solar cells were investigated 8 

using current density voltage (J-V) characteristics, X-ray diffraction (XRD) and transmis- 9 

sion electron microscopy (TEM). 10 

2. Experimental Procedure 11 

Figure 1 (a) shows a schematic diagram of the completed device. All fabrication pro- 12 

cesses were performed under atmospheric conditions in ambient air [38,39], and the tem- 13 

perature and humidity were ~25 °C and ~50 %, respectively. F-doped tin oxide (FTO, Nip- 14 

pon Sheet Glass Company, Tokyo, Japan, ~10 Ω/) substrates were cleaned with methanol 15 

and acetone in an ultrasonic bath and an ultraviolet ozone cleaner (Asumi Giken, Tokyo, 16 

Japan, ASM401N). Next, 0.15 and 0.30 M precursor solutions of TiO2 compact layers were 17 

prepared from 1-butanol (Wako Pure Chemical Industries, Osaka, Japan) and titanium 18 

diisopropoxide bis(acetylacetonate) (Sigma Aldrich, Tokyo, Japan). These precursor solu- 19 

tions of compact TiO2 were spin-coated on the FTO substrate at 3000 rpm for 30 s, and the 20 

substrates were annealed at 125 °C for 5 min. To form a uniform, compact TiO2 layer, the 21 

0.30 M precursor solution was spin-coated twice. Next, the FTO substrate was annealed 22 

at 550 °C for 30 min to form the compact TiO2 layer. After that, a TiO2 paste (precursor 23 

solution for mesoporous TiO2) was spin-coated on the compact TiO2 layer at 5000 rpm for 24 

30 s. This TiO2 paste was prepared by mixing distilled water (0.5 mL), poly (ethylene gly- 25 

col) PEG-20000 (Nacalai Tesque, Kyoto, Japan, PEG #20000, 20 mg), and TiO2 powder 26 

(Aerosil, Tokyo, Japan, P-25, 200 mg). This solution was further mixed with the surfactant 27 

Triton X-100 (Sigma Aldrich, 10 μL) and acetylacetone (Wako Pure Chemical Industries, 28 

20 μL) for 30 min, and it was left untouched for 24 h to remove bubbles in the solution. To 29 

form the mesoporous TiO2 layer, the TiO2-coated substrates were annealed at 550 °C for 30 

30 min.  31 

To prepare the perovskite compounds, solutions of PbCl2 (Sigma Aldrich, Tokyo, Ja- 32 

pan, 111.2 mg) and CH3NH3I (Tokyo Chemical Industry, 190.8 mg) with the desired molar 33 

ratio were mixed in N,N-dimethylformamide (Sigma Aldrich, 0.5 mL) at 60 °C for 24 h [ ]. 34 

These perovskite precursor solutions were normally spin-coated during the first coating. 35 

During the second and third spin-coating steps, an air-blowing method was employed, as 36 

illustrated in Figure 1 (b). The cells were maintained at 90 °C during the air-blowing. DPPS 37 

(Osaka Gas Chemicals, OGSOL SI-30-15, Osaka, Japan, 10 mg) solutions were prepared in 38 

chlorobenzene (0.5 mL) and dropped onto the perovskite layer during the last 15 s of the 39 

third spin-coating of the perovskite precursor solutions. As shown in Figure 1 (b), This 40 

process was called D. The standard device was annealed at 140 °C for 20 min. The devices 41 

with DPPS layers were annealed at 190 °C for 16 min.  42 

Then, a spiro-OMeTAD layer was formed as an HTL by spin-coating, and the spiro- 43 

OMeTAD layer was formed below the gold electrodes for all the fabricated devices in the 44 

present work. Finally, gold (Au) electrodes were formed by evaporation. All the fabricated 45 

cells in the present work were put into dark storage at a temperature of 22 °C and ~30% 46 

humidity in ambient air. 47 

Microstructural analysis was conducted by an X-ray diffractometer (Bruker, Billerica, 48 

MA, USA, D2 PHASER) and a transmission electron microscope (FEI, Oregon, USA, Talos 49 

F200X). The surface morphologies of the perovskite layers were examined using an optical 50 

microscope (Nikon, Tokyo, Japan, Eclipse E600). The current density voltage characteris- 51 

tics of the fabricated devices were measured (Keysight, Santa Rosa, CA, USA, B2901A) 52 
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under a solar simulator (San-ei Electric, Osaka, Japan, XES-301S) with irradiation at 100 1 

mW cm−2. 2 

 3 

Figure 1. (a) Layered structure of the present solar cells (FTO / TiO2 / perovskite / spiro-OMeTAD). 4 
(b) Schematic illustration detailing the processes adopted to fabricate the perovskite and DPPS 5 
layer. 6 

3. Results and Discussion 7 

Table 1 shows the photovoltaic parameters of the TiO2 / perovskite / spiro-OMeTAD 8 

solar cells under illumination, which indicates the effects of the DPPS. The device without 9 

DPPS provided a short-circuit current density (JSC) of 18.9 mA cm-2, and a conversion effi- 10 

ciency (η) of 6.55 %. The JSC was increased from 18.9 to 23.2 mA cm-2 by the performing 11 

the operation D 3 times, and the η increased to 11.09 %. The surface morphology of the 12 

perovskite film was improved by the operation of D, indicating that DPPS blocked elec- 13 

trons and suppressed the recombination between a hole and an electron. XRD patterns of 14 

the perovskite solar cells showed highly (100)-oriented crystals of the perovskite com- 15 

pounds, which were formed by the hot air-blowing method. All devices presented few 16 

peaks corresponding to PbI2, which indicated the effectiveness of the DPPS layer against 17 

high-temperature annealing at 190 °C. Among them, the smallest PbI2 peak was observed 18 

for the D×3 device, which indicates that DPPS suppressed the decomposition of perov- 19 

skite crystals most effectively in this study. All the devices with DPPS showed a signifi- 20 

cant increase in conversion efficiency after one week, indicating that DPPS contributes to 21 

the orientation and suppression of decomposition of perovskite grains at room tempera- 22 

ture. 23 

 24 

Table 1. Measured photovoltaic parameters of solar cells. 25 

 26 

FTO / glass

Compact TiO2

Mesoporous TiO2

Perovskite
Spiro-OMeTAD

Au

+

-

(a)

(b)

FTO

Compact TiO2

Mesoporous TiO2

1st Spinning

Air blow

FTO

Compact TiO2

Mesoporous TiO2

2nd Spinning

FTO

Compact TiO2

Mesoporous TiO2

3rd Spinning

FTO

Compact TiO2

Mesoporous TiO2

After 45 s

DPPS solution

FTO

Compact TiO2

Mesoporous TiO2

CH3NH3PbI3

DPPSAnnealing

140 ~ 190 ℃D

Devices 
JSC 

(mA cm-2) 

VOC 

(V) 
FF 

RS 

(Ω cm-2) 

RSh 

(Ω cm-2) 

η 

(%) 

ηave 

(%) 

Standard 18.9 0.844 0.410 5.90 85.3 6.55 5.19 

D×1 17.0 0.846 0.443 5.07 110 6.38 5.65 

D×2 21.3 0.696 0.466 8.38 290 6.89 5.36 

D×3 23.2 0.771 0.620 5.59 2100 11.09 9.19 

D×4 17.3 0.877 0.493 7.21 124 7.50 5.96 
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For the device with the best characteristics D×3, stability measurements of the pho- 1 

tovoltaic parameters up to 200 days were carried out. Table 2. shows the changes of pa- 2 

rameters for D×3. The device showed an increase in η over time, with the highest η of 3 

13.33% recorded 191 days after fabrication. DPPS and the PbI2 crystal generated by the 4 

decomposition of the perovskite crystal blocked the recombination of electrons and holes, 5 

and the blocking degree reached its peak. Basically, PbI2 inhibits carrier migration and 6 

degrades the photoelectric properties of the device. However, when a small amount of 7 

PbI2 is added between the perovskite layer and the hole transport layer, the photoelectric 8 

properties are improved. 9 

 10 

Table 2. Changes of parameters for D×3. 11 

 12 

 13 

 14 

Figure 2. TEM observation of D×3. (a) Microstructure of the perovskite-DPPS layer. (b) En- 15 

larged image of (a). (c) FFT pattern. (d) Diagram of bulk-hetero structure. 16 

 17 

The microstructure of the D×3 device with the best characteristics was observed by 18 

transmission electron microscopy(TEM), and the results are shown in Figure 2. TEM ob- 19 

servation revealed several types of lattice fringes. The one with a lattice distance of 6.2 Å 20 

is a perovskite crystal, and its existence can be seen from the FFT pattern. In addition, 21 

amorphous phase in the form of benzene compounds was observed around perovskite 22 

layers [30]. DPPS has an amorphous phase, so DPPS may form a bulk-hetero structure 23 

with perovskite layers. 24 

 25 

Perovskite

1.6 nm-1

100

200

5 nm-1

5 nm-1

(a) (b)
(c)

(d)

Time (Day) JSC (mA cm-2) VOC (V) FF RS (Ω cm-2) RSh (Ω cm-2) η(%) ηave (%) 

As-prepared 23.2 0.771 0.620 5.59 2100 11.09 9.19 

149 days 18.6 0.862 0.707 4.54 842 11.38 9.46 

191 days 21.4 0.887 0.701 5.17 1840 13.33 11.22 

226 days 19.3 0.893 0.701 5.99 1410 12.10 10.40 
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4. Conclusions 1 

In summary, CH3NH3PbI3 perovskite photovoltaic devices treated with a polysilane 2 

layer were fabricated and characterized. It was confirmed that the insertion of the DPPS 3 

layer between the perovskite layer and the HTL improved the photovoltaic properties 4 

compared with the standard one. In particular, the device in which the operation D was 5 

performed 3 times showed the highest JSC and conversion efficiency immediately after the 6 

fabrication, and higher photovoltaic properties were observed even after 191 days. The 7 

presence of DPPS have contributed to the suppression of the decomposition of perovskite 8 

crystals and the smooth transport of carriers. From TEM observations, it was confirmed 9 

that there was an amorphous phase covering the perovskite crystal. This amorphous 10 

phase is considered to be DPPS and it would work effectively a bulk-hetero structure 11 

along with perovskite layers. 12 

 13 
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