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Abstract  Perovskite-type CH3NH3(MA)PbI3-based 
photovoltaic devices were fabricated and characterized. 
Effects of cesium iodide (CsI) and/or tin bromide (SnBr2) 
additions on the photovoltaic properties and microstructures 
of the perovskite solar cells were investigated. The 
open-circuit voltage increased with CsI addition because of 
increase of the band gap energy. The short-circuit current 
densities and the external quantum efficiencies increased by 
CsI and SnBr2 addition because of decrease of series 
resistance, which resulted in the improvement of 
photovoltaic performance of the perovskite solar cells. 
X-ray diffraction indicated the doped elements existed in 
the perovskite crystals. The cell prepared by a starting 
composition of MA0.95Cs0.05Pb0.95Sn0.05I2.9Br0.1 showed the 
best photovoltaic performance in the present work. 
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1. Introduction
Hybrid organolead halide perovskites have a composition 

of ABX3, where A is organic or inorganic cation such as 
CH3NH3

+ (MA+), HC(NH)NH2
+ (FA+) or Cs+, B is metal 

cation (Pb2+ or Sn2+) and X is halogen (I-, Br- or Cl-), and they 
have been extensively investigated as light absorbers. The 
perovskite solar cells are expected as next generation solar 
cells because of absorption in the whole range of visible light 
of 300~800 nm and high hole mobility. In addition, 
spin-coating is a simple and low-cost fabrication method 
[1-13]. Sn-doped perovskite solar cells have been reported to 
have low band gap energy (Eg), and the current density 
increased [14-17]. On the other hands, the Eg increased by 
Cs+ doping to MA+ [1]. 

The purpose of the present work is to fabricate and 
characterize the CH3NH3PbI3 (MAPbI3), MA0.95Cs0.05PbI3, 
MAPb0.95Sn0.05I2.9Br0.1, MA0.95Cs0.05Pb0.95Sn0.05I2.9Br0.1 solar 
cells to investigate effects of CsI and/or SnBr2 additions to 
the MAPbI3 phase. In the previous work [18], simultaneous 

addition of CsI, CsBr and SnBr2 to MAPbI3 was effective for 
improvement of surface coverage of the perovskite crystals 
for the cell, which resulted in the increase of the short-circuit 
current density, the fill factor and the conversion efficiency. 
In the present work, the detailed fabrication and analysis of 
the devices were performed by measuring internal quantum 
efficiencies, UV-vis absorbance and microstructures using 
X-ray diffraction (XRD). 

2. Materials and Methods
A schematic illustration of the fabrication process of the 

present perovskite photovoltaic cells is shown in Fig. 1. The 
detailed fabrication process is described in the previous 
reports [18-21]. F-doped tin oxide (FTO) substrates were 
cleaned using an ultrasonic bath with acetone and methanol, 
and dried under nitrogen gas. 0.15 M and 0.30 M TiO2 
precursor solutions were prepared from titanium 
diisopropoxide bis (acetyl acetonate) (0.055 mL and 0.11 mL) 
with 1-butanol (1 mL). The 0.15 M TiOx precursor solution 
was spin-coated on the FTO substrate at 3000 rpm for 30s 
and annealed at 125°C for 5 min. Then, the 0.30 M TiOx 
precursor solution was spin-coated on the TiOx layer at 3000 
rpm for 30s and annealed at 125°C for 5 min. The process of 
0.30 M precursor layer was performed two times. The FTO 
substrate was sintered at 500°C for 30 min to form a compact 
TiO2 layer. After that, TiO2 paste was spin-casted on the 
compact TiO2 by spin-coating at 5000 rpm for 30 s. For the 
mesoporous TiO2 layer, the TiO2 paste was prepared with 
TiO2 powder (P25) with poly (ethylene glycol) (PEG #20000) 
in ultrapure water [22, 23]. The solution was mixed with 
acetylacetone (10 μL) and surfactant triton X-100 (5μL) for 
30 min, and was left for 24 h to suppress the bubble in the 
solution. The cells were annealed at 120°C for 5 min and at 
500°C for 30 min to form the mesoporous TiO2 layer [22, 23]. 
For the preparation of the perovskite compounds, solutions 
of CH3NH3I and PbI2 with CsI and/or SnBr2 in 
γ-butyrolactone (0.3 mL) and N,N-dimethylformamide (0.2 
mL) was mixed at 60°C. Preparation compositions of the 
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perovskite phases were MAPbI3, MA0.95Cs0.05PbI3, 
MAPb0.95Sn0.05I2.9Br0.1, MA0.95Cs0.05Pb0.95Sn0.05I2.9Br0.1. The 
solution of the perovskite phase was then introduced into the 
TiO2 mesopores by a spin-coating method and annealed at 
100°C for 30 min. Then, a hole transport layer (HTL) was 
prepared by spin-coating. As the HTL, a solution of 
2,2’,7,7’-tetrakis- (N,N-di-p-methoxyphenylamine) 
-9,9’spirobifluorene (spiro-OMeTAD, 36.1 mg) in 
chlorobenzene (0.5 mL) was mixed with a solution of lithium 
bis(trifluoromethylsulfonyl) imide (Li-TFSI, 260 mg) in 
acetonitrile (0.5 mL) for 24 h. The former solution with 
4-tertbutylpyridine (14.4μL) was mixed with the Li-TFSI 
solution (8.8μL) for 30 min at 70°C. All procedures were 
carried out in air at temperature of ~22°C and at humidity of 
~40%. Finally, gold (Au) thin films were evaporated as top 
electrodes. Layered structures of the present photovoltaic 
cells are denoted as 
FTO/TiO2/perovskite/spiro-OMeTAD/Au, as shown in a 
schematic illustration of Fig. 1. 

The current density–voltage (J-V) characteristics 
(Keysight B2-01A) of the photovoltaic cells were measured 
under illumination at 100 mW cm–2 by using an AM 1.5 solar 
simulator (San-ei Electric XES-301S). The solar cells were 
illuminated through the side of the FTO substrates, and the 
measurement area was 0.090cm2. The external quantum 
efficiencies (EQE) and internal quantum efficiencies (IQE) 
of the cells were investigated (Enli Technology, QE-R). The 
UV-vis absorbance of the cells also were investigated (Jasco 
V-770SPU). The microstructures of the perovskite layers 
were investigated by using an X-ray diffractometer (Bruker, 
D2 Phaser). 

 
Figure 1.  Schematic illustration of fabrication process of the present 
photovoltaic devices 

3. Results and Discussion 
J-V characteristics of the present 

FTO/TiO2/perovskite/spiro-OMeTAD/Au cells under 
illumination are shown in Fig. 2. Measured photovoltaic 
parameters of the perovskite solar cells are summarized in 
Table 1. The standard perovskite solar cell provided a 
short-circuit current density (Jsc) of 12.0 mA cm-2, an 
open-circuit voltage (Voc) of 0.770 V, a fill factor (FF) of 
0.603, a conversion efficiency (η) of 5.59 % and a series 
resistance (Rs) of 9.73 Ω cm-2. The short-circuit current 
density and open-circuit voltage increased to 13.5 mA cm-2 
and 0.862 V, respectively, by Cs+ doping to the MA+ site. 
The Jsc value increased to 15.9 mA cm-2, and Rs value 
decreased to 6.72 Ω cm-2 by the SnBr2 addition. Moreover, 
by the simultaneous addition of CsI and SnBr2, the 
short-circuit current density and the open-circuit voltage 
increased to 16.5 mA cm-2 and 0.780 V, and the series 
resistance decreased to 7.23Ω cm-2, respectively, which 
resulted in the improvement of the photovoltaic 
performance compared with that of the standard MAPbI3. 

EQE and IQE spectra of the present solar cells are shown 
in Fig. 3(a) and (b), respectively. Photoelectric conversion 
was observed for the perovskite solar cells in a visible light 
range, and the EQE increased by the addition of CsI and 
SnBr2. The MAPbI3, MA0.95Cs0.05PbI3, 
MAPb0.95Sn0.05I2.9Br0.1, MA0.95Cs0.05Pb0.95Sn0.05I2.9Br0.1 solar 
cells exhibit the highest EQEs of 18.4% at 580 nm, 21.7% 
at 580 nm, 26.0% at 690 nm and 27.4% at 560 nm, 
respectively. 

 

Figure 2.  J-V characteristics of the perovskite solar cell 
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Table 1.  Measured photovoltaic parameters of the perovskite solar cells 

Cell Jsc (mA cm-2) Voc (V) FF Η (%) ηave (%) Rs (Ω cm-2) 

MAPbI3 12.0 0.770 0.603 5.59 4.55 9.73 

MA0.95Cs0.05PbI3 13.5 0.862 0.564 6.59 5.04 11.58 

MAPb0.95Sn0.05I2.9Br0.1 15.9 0.770 0.586 7.18 6.42 6.72 

MA0.95Cs0.05Pb0.95Sn0.05I2.9Br0.1 16.5 0.780 0.584 7.52 7.03 7.23 

 

Figure 3.  (a) EQE spectra and (b) IQE spectra of the perovskite solar cells 

The IQE values also increased by addition of CsI and SnBr2. The present EQE and IQE data showed that the current 
density increased by simultaneous addition of CsI and SnBr2, which resulted in the increase of carrier generation. 
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Figure 4.  (a) UV-vis absorption spectra and (b) (hνα)2 vs photon energies 
of the perovskite solar cells. 

Table 2.  Band gap energies of the perovskite solar cells 

Cell Band gap (eV) 

MAPbI3 1.571 

MA0.95Cs0.05PbI3 1.581 

MAPb0.95Sn0.05I2.9Br0.1 1.590 

MA0.95Cs0.05Pb0.95Sn0.05I2.9Br0.1 1.597 

UV-vis absorption spectra of FTO/TiO2/perovskite 
devices are shown in Fig. 4(a). The absorbance increased by 
the CsI and/or SnBr2 addition, and the absorption edges 
around 800 nm indicate blue shift by the addition. Tauc 
plots of MAPbI3, MA0.95Cs0.05PbI3, MAPb0.95Sn0.05I2.9Br0.1 
and MA0.95Cs0.95Pb0.95Sn0.05I2.9Br0.1 solar cells are shown in 
Fig. 4(b). The band gap energies of the solar cells are 
summarized in Table 2. The Eg values increased by the 
addition of CsI and/or SnBr2, which resulted in the 

improvement of the open-circuit voltage. 
XRD patterns of the present perovskite solar cells are 

shown in Fig. 5(a), and enlarged XRD patterns for the 100 
reflection of the solar cells are shown in Fig. 5(b). 

 

Figure 5.  (a) XRD patterns of the perovskite solar cells. (b) Enlarged 
patterns of the 100 reflection. 

Table 3.  d-values of 100 reflection of the cells 

Cell d (Å) 

MAPbI3 6.298 

MA0.95Cs0.05PbI3 6.294 

MAPb0.95Sn0.05I2.9Br0.1 6.279 

MA0.95Cs0.05Pb0.95Sn0.05I2.9Br0.1 6.269 
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The d-values of 100 of the perovskite structures are 
summarized as Table 3. The 100 peak means the Miller 
index of the perovskite crystal, which corresponds to the 
lattice constant. The peak of the perovskite crystals were 
observed, and the lattice constants decreased by the addition 
of CsI and/or SnBr2. Since the ionic sizes of CH3NH3

+, Cs+, 
Pb2+, Sn2+are 2.70, 1.81, 1.49 and 1.35Å, respectively [8,15], 
these elements are believed to be doped in the perovskite 
crystals. Diffraction peaks corresponding to PbI2 are also 
observed for all cells, and are especially high for the cells 
added with SnBr2, which might indicates the effectiveness 
of the PbI2 phase on the photovoltaic performance by 
passivation of surface defects [24, 25]. Although the 
photovoltaic devices showed the best photovoltaic 
performance of 7.52% for MA0.95Cs0.05Pb0.95Sn0.05I2.9Br0.1, 
the PbI2 peak is smaller for MA0.95Cs0.05Pb0.95Sn0.05I2.9Br0.1 
than for MAPb0.95Sn0.05I2.9Br0.1 according to XRD pattern in 
Fig. 5(a), assuming that the 100 peak heights remain the 
same. This indicates the Cs substitution at the MA sites 
would be effective for the photovoltaic properties, 
especially for the JSC values, and the Cs substitution was 
also confirmed from the decrease of the lattice constant by 
the addition of Cs, as observed in Table 3. 

The MA0.95Cs0.05Pb0.95Sn0.05I2.9Br0.1 photovoltaic devices 
showed the best photovoltaic performance of 7.52%, which 
is higher than that of a MASnBr3 cell [16]. By the addition 
of 5% SnBr2 to PbI2 and/or 5% CsI to MAI, the 
photovoltaic performances were improved in the present 
work. The stability of the MA0.95Cs0.05Pb0.95Sn0.05I2.90Br0.10 
device was not so good, which was almost same as that of 
MAPbI3. Fabrication of more stable perovskite solar cells is 
necessary in the future. 

4. Conclusions 
The MAPbI3, MA0.95Cs0.05PbI3, MAPb0.95Sn0.05I2.9Br0.1, 

MA0.95Cs0.05Pb0.95Sn0.05I2.9Br0.1 photovoltaic devices were 
fabricated and characterized. The open-circuit voltage and 
short-circuit current density increased by addition of CsI and 
SnBr2. The band gap energies increased by CsI, and the the 
series resistance decreased by adding SnBr2. The EQE and 
IQE increased by addition of CsI and SnBr2. The XRD data 
indicated doped elements existed in the perovskite crystals. 
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