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Abstract 

 
Inorganic cesium lead bromide (ICLB) perovskite films were prepared 
onto an FTO conductive substrate by a two-step spin-dipping method. 
PbBr2 films were first coated onto the FTO substrate, and then they 
were immersed into CsBr solutions at various concentrations: 0.04, 
0.06, 0.08, 0.10, and 0.12 M, forming the ICLB perovskite films. The 
surface morphology of the perovskite films prepared from the CsBr 
concentrations under 0.08 M had a uniform crystalline surface, but the 
CsBr concentrations above 0.08 M gave the film a non-uniform 
structure. XRD spectra of all ICLB films compose of mixed phases of 
monoclinic-CsPbBr3 and tetragonal-CsPb2Br5. The direct optical 
bandgap of 2.3 eV corresponded to the CsPbBr3 phase, and the indirect 
optical bandgap of 2.87-3.10 eV corresponded to the CsPb2Br5 phase. 
Carbon-based hole-transport-material (HTM) free CsPb2Br5 - CsPbBr3 
perovskite solar cells were assembled, and the CsPb2Br5 - CsPbBr3 
perovskite solar cells prepared from 0.08 M CsBr concentration 
delivered the highest efficiency of 2.6%. This was because the 0.08 M-
perovskite film had good uniformity, low pinhole defect, and low PbBr2 
impurities. Good cell stability, with an efficiency reduction of 10.0% of 
the initial value after 816 h under ambient environment, was achieved 
from the 0.08 M CsBr concentration cells. 
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1. Introduction 
 
Perovskite solar cell (PSCs) were first prepared from methylammonium lead triiodide 
(CH3NH3PbI3) with a power-conversion efficiency (PCE) of 3.8% in 2009 [1-8]. Currently, the 
CH3NH3PbI3 perovskite based solar cells have PCE of over 25.2% [9]. Although the CH3NH3PbI3 
perovskite based solar cells deliver outstanding performance, they are unstable in the open-air 
conditions. Niu et al. [10] reported that moisture degrades MAPbI3 perovskites by decomposing 
them back to the methylammonium iodide salt (MAI) and metal halides. They proposed that 
MAPbI3 perovskite is deprotonated by water, forming methylamine, hydrated HI, and PbI2 
byproducts. To solve the degradation problem, inorganic cesium lead bromide (ICLB) perovskite 
has received strong attention because it has good stability under moisture, oxygen and heat in the 
ambient air conditions [11-13]. ICLB-based perovskite films have been fabricated by various 
techniques such as thermal evaporation [14, 15] and a two-step sequential solution processing [16-
18]. The efficiency of ICLB-based perovskite solar cells reached as high as 10.45 % using the 
thermal evaporation method [14]. However, this technique required a high vacuum process, which 
led to a high perovskite solar cell cost. The two-step sequential solution process, which is a low cost 
one, was applied for preparing the ICLB films. The ICLB-based solar cell performance fabricated 
with this technique by Sutton et al. [18] reach 9.8% in the best cell, and cells performance with 5.6% 
stabilized power output was demonstrated. Chang et al. [16] reported that the efficiency of the ICLB-
based solar cells decreased by only 11.7% of the initial value after 250 h. Liang et al. [19] found 
that the performance of ICLB-based PSCs without an encapsulation showed almost no decrease in 
humid air (90-95% RH, 25°C) after 3 months (2640 h), and the cells could endure extreme high 
(100°C) and low (-22°C) temperatures. 

Among the ICLB perovskite-based compounds (CsPbBr3 [13-15], CsPbI2Br [18], 
CsPb2Br5 [20], Cs4PbBr6 [21]), CsPbBr3 appears to be the most suitable candidate for solar cell 
application because it has the lowest Eg value (1.81 eV) [22, 23] compared with Eg ~ 3.08 eV for 
CsPb2Br5 [20] and Eg ~ 3.90 eV for Cs4PbBr6 [21].  However, the experimental Eg reported in the 
literatures is about 2.4 eV.  This could have been because the perovskite film may have contained 
nanometer-sized crystals, which have an experimental Eg value larger than the theoretical value [21, 
24]. CsPbBr3 perovskite film has a direct bandgap and a high absorption coefficient. Unfortunately, 
it is difficult to prepare pure CsPbBr3 phase because the ratio of CsBr and PbBr2 must be properly 
controlled. An excess of CsBr results in the co-existence of Cs4PbBr6 phase, but an excess of PbBr2 
induces CsPb2Br5 formation. Cs4PbBr6 and CsPb2Br5 are unsuitable for solar cell applications 
because of their high Eg values. Thus, controlling the process during CsPbBr3 film preparation is a 
very important factor in obtaining pure CsPbBr3 film and high solar cell efficiency. Zhang et al. [25] 
reported that small presence of CsPb2Br5 phase in the CsPbBr3 perovskite films had a positive effect 
on efficiency and stability. CsPb2Br5 could reduce surface defects, charge carrier recombination, 
and it is more stable against humidity and temperature than pure CsPbBr3 film. 

In this work, we focused on the influence of the CsBr concentrations on ICLB film 
formation, surface morphology and phase composition. The ICLB perovskite films were prepared 
via the two-step sequential solution method. The ICLB-based perovskite solar cells were assembled 
using carbon film as the back electrode without hole transport materials (HTM-free). The effects of 
CsBr concentration on solar cell performance and stability were investigated in detail.  
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2. Materials and Methods  
 
The perovskite solar cell was composed of the electron transport layer (ETL), perovskite layer, hole 
transport material layer (HTM), and back contact electrode. The details of preparation of each layer 
are described below.  

 
2.1 Preparation of the electron transport layer 

 
TiO2 film was used as the electron transport material layer. In this type of perovskite solar cell, two 
types of TiO2 were used. First, the TiO2 blocking layer (TiO2-BL, dense TiO2 film) was coated on 
the F- doped SnO2 (FTO) conductive substrate, which functions as the ETL layer and is used for 
prevent a short circuit between the back electrode and FTO substrate. The second type of TiO2 film 
was a porous TiO2 layer (TiO2-porous), coated on the TiO2-BL layer. The role of this layer is also 
an ETL layer which conducts the exited state electrons from the perovskite material to the 
conducting substrate. Moreover, the TiO2-porous layer can cause an increase of the contact area 
between perovskite layer and ETL layer. The details of the ETL film preparation are described 
below.  

FTO transparent conducting substrates with a size of 2.0 cm x 2.0 cm were cleaned using 
detergent solution, deionized (DI) water, and ethyl alcohol in an ultra-sonic bath for 20 min, and 
then dried in hot air. After that, each cleaned FTO substrate was treated in a UV-Ozone system for 
10 min to remove any residual organic compound. The TiO2 blocking layer (TiO2-BL) was prepared 
by the spin coating technique. A mixture of 40 ml titanium diisopropoxide bis (acetylacetonate), 1 
ml de-ionized water, 40 ml ethanol, 0.5 ml highly concentrated HCL, and 0.5 ml highly concentrated 
HNO3 solutions was used as the starting precursor and coated on each cleaned FTO substrate. The 
spinning speeds and times were set at 2000 rpm for 30 s and 4000 rpm for 60 s, respectively. After 
coating, it was heated at 80°C for 10 min. Finally, the coated films were annealed at 550°C for 2 h 
then cooled down to room temperature. The TiO2-porous layer was prepared by the spin coating 
technique. This porous layer was coated on the TiO2-BL layer using a mixture of 1.654 g TiO2 
commercial paste (PST-18NR, Dye-sol) diluted with 6 ml ethanol. The coating speed and times 
were set at 4000 rpm for 60 s. After spinning, the films were dried at 80°C for 10 min on a hot plate. 
After that, the dried films were annealed at 550°C for 2 h and then allowed to cool down to room 
temperature. 
 
2.2 Preparation of the Inorganic Cesium Lead Bromide perovskite films  
 
The ICLB perovskite films were prepared by a two-step sequential solution process under open-air 
conditions. Firstly, 1.4 M PbBr2 was dissolved in a mixture of dimethylformamide (DMF) and 
dimethyl sulfoxide (DMSO) with a ratio of 9:1 v/v. The PbBr2 film was coated on the TiO2-porous 
layer by the spin coating method. The spinning speed and times were set as 4000 rpm and 60 s. The 
coated PbBr2 film was dried at 80°C for 10 min on a hot plate. Then, it was immersed in a CsBr 
solution (CsBr dissolved in methanol) at various concentrations of 0.04, 0.06, 0.08, 0.10, and 0.12 
M. During the immersion, the temperature was kept at 50°C and the dipping time was set at 20 min. 
Finally, the immersed films were heated at 150°C in ambient air for 10 min. After cooling down to 
room temperature, the ICLB perovskite film was formed with a yellow-orange color. The ICLB 
perovskite film preparation method is shown in Figure 1.   
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Figure 1. Schematic diagram of the ICLB perovskite film preparation using a two-step sequential 
solution method 

 
2.3 The back electrode preparation and perovskite solar cells assembly 
 
Carbon films were used as the back electrode and HTM free layers. Firstly, carbon paste was 
prepared by mixing 6.0 g graphite platelet, 3.0 g of carbon black, and 2.5 g of polyvinyl acetate 
(PVAc) in 30 ml of ethyl acetate. After mixing well, the ethyl acetate solution was evaporated 
completely by heating at 80°C for several hours. Then chlorobenzene (CB) was filled into the dried 
media and stirred until a well-mixed carbon paste resulted. The carbon films were coated onto the 
FTO/TiO2-BL/TiO2-porous/perovskite samples using a doctor blade technique. After coating, the 
carbon films were heated at 80°C for 10 min then cooled to room temperature. The final perovskite 
solar cell structure was FTO/TiO2-BL/TiO2-porous/perovskite/carbon as shown in Figure 2. The 
solar cell exposure area used in this experiment was set at 1.0 cm2. 
 
2.4 Characterizations 
 
The surface morphology and the thickness of ICLB perovskite films were characterized using 
scanning electron microscope (SEM). The crystalline structure and light absorption properties of 
these films were investigated using X-ray Diffractometer (XRD) and ultra-violet visible absorption 
spectroscopy (UV-vis), respectively. The solar cell performance was tested by the solar simulator 
(PEC-L11) under A.M. 1.5 light spectrum at room temperature. The J-V characteristic curves were 
measured by a Keithley-2400 series SMU instrument. The solar cell efficiency (η) was calculated 
from the J-V curve using equation (1). 
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  𝜂𝜂 =
𝐽𝐽𝑠𝑠𝑠𝑠 × 𝑉𝑉𝑜𝑜𝑜𝑜 × 𝐹𝐹𝐹𝐹

𝑃𝑃𝑖𝑖𝑖𝑖
× 100% (1) 

 
Where 𝐽𝐽𝑠𝑠𝑠𝑠 is the short circuit current density, 𝑉𝑉𝑜𝑜𝑜𝑜  is the open circuit voltage, FF is the fill factor, and 
𝑃𝑃𝑖𝑖𝑖𝑖  is the input photon intensity from the standard light source.  
 

 
 

Figure 2. The ICLB perovskite solar cell structure 
 
 

3. Results and Discussion 
 

The crystalline structure of the ICLB films prepared by the two-step sequential solution with various 
CsBr concentrations (0.04, 0.06, 0.08, 0.10 and 0.12 M) was characterized by XRD and the results 
are shown in Figure 3. The XRD spectra of the perovskite films prepared from 0.04, 0.06, 0.08, and 
0.10 M CsBr concentrations revealed that the films were composed of mixed phases of tetragonal 
CsPb2Br5 (JCPDS No. 00-025-0211) and monoclinic CsPbBr3 (JCPDS No. 00-018-0364). However, 
the 0.12 M CsBr concentration sample was composed of three mixed phases: tetragonal CsPb2Br5, 
monoclinic CsPbBr3, and rhombohedral Cs4PbBr6 (JCPDS No. 01-073-2478). The tetragonal 
CsPb2Br5 phase can form under rich PbBr2 conditions as illustrated in equation (2) [26]. While the 
tetragonal CsPb2Br5 interacts with CsBr converting into the monoclinic CsPbBr3, as shown in 
equation (3). A small peak of the rhombohedral Cs4PbBr6 appears under the 0.12 M CsBr condition. 
This is likely due to CsPbBr3 reacting with the excessive CsBr, as illustrated in equation (4) [26]. It 
is worth noting that the 0.08 M CsBr concentration resulted in the lowest remaining PbBr2 (at 18.5°) 
and the rhombohedral Cs4PbBr6 phase did not appear. There was a co-existence of CsPb2Br5 (002) 
at 2θ ∼11.7° and CsPbBr3 (200) at 2θ ∼30.7° on ICLB_0.08M films. The main phases of the 
ICLB_0.08M sample were the tetragonal CsPb2Br5 and the monoclinic CsPbBr3. The co-existence 
of the CsPb2Br5 and CsPbBr3 on the ICLB_0.08M sample should be of benefit to the solar cell 
performance because CsPb2Br5 can reduce surface defects and charge carrier recombination, and it 
is stable against humidity and temperature [25]. The high CsBr concentration can cause PbBr2 to 
remain and rhombohedral Cs4PbBr6 formation.  These effects in turn have negative effects on solar 
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cell efficiency because of the high energy bandgap of PbBr2 and Cs4PbBr6 (Eg ~ 4.2 eV for PbBr2 
[27], and Eg ~ 3.90 eV for Cs4PbBr6 [21, 24]).  

 
2PbBr2 + CsBr  →  CsPb2Br5 (with excess amount of PbBr2)                           (2) 

 
CsPb2Br5 + CsBr  →  2CsPbBr3 (with excess amount of CsBr)                            (3) 

 
CsPbBr3 + 3CsBr  →  Cs4PbBr6 (with excess amount of CsBr)                           (4) 

 

 
 

Figure 3. X-ray diffraction spectra of the ICLB perovskite films prepared from the different CsBr 
concentrations, and the standard CsPbBr3, CsPb2Br5 and Cs4PbBr6 structures 

 
Figure 4 shows the surface morphology and cross-section images of ICLB perovskite films. 

It can be seen that the ICLB_0.04, ICLB_0.06 and ICLB_0.08M samples have a particle size of 
approximately 1.0 µm with the tetragonal shape, but the ICLB_0.10 and ICLB_0.12 M samples 
have large and irregular shaped particles. In addition, the ICLB-0.08M sample has a denser 
crystalline surface than those of the other samples, as seen in Figure 4c. This is probably the result 
of the CsBr concentration being suitable for perovskite crystallization. Crystal heterogeneity on the 
ICLB_0.12M sample in Figure 4e may be due to the formation of rhombohedral Cs4PbBr6 phase. 
The thicknesses of the ICLB perovskite films estimated from the cross-sectional images (the film 
thickness was measured from 20 different point on the cross-sectional images) are listed in Table 1. 
The film thickness increases with increasing CsBr concentration from 0.04 M to 0.08 M. This is 
likely due to the increasing interaction of CsBr with PbBr2 film. However, the thicknesses of the 
ICLB_0.10M and ICLB_0.12M films are lower than that of the ICLB_0.08M sample. This may be 
attributed to the incomplete reaction between PbBr2 and CsBr, which is evidenced by the appearance 
of the (002) plane of PbBr2 in the XRD spectrum shown in Figure 3.   

UV-vis absorption spectra of ICLB films are illustrated in Figure 5a. All absorption spectra 
show a clear first absorption edge at the wavelength at 530 nm and a second absorption edge around 
350-400 nm. The absorbance peak at 530 nm corresponds to the CsPbBr3 phase, while the absorption 
peak around 350-400 nm corresponds to the CsPb2Br5 structure. The ICLB_0.08M sample has the 
highest absorbance because it is the thickest film and the low PbBr2 remaining. The direct optical 
energy bandgap (Eg) of the CsPbBr3 perovskite films are estimated from Tauc relation using 
equation (5) [28, 29]. 
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Figure 4. Cross-section and surface morphology SEM images of the ICLB perovskite films coated 
on the FTO substrate prepared from the different CsBr concentrations, (a) ICBL_0.04 M,             

(b) ICBL_0.06 M, (c) ICBL_0.08 M, (d) ICBL_0.10 M, and (e) ICBL_0.12 M 
 

                              (𝛼𝛼ℎ𝑣𝑣)2 = 𝛽𝛽2�ℎ𝑣𝑣 − 𝐸𝐸𝑔𝑔� 
 

(5) 
 

Where, β is a constant. 𝛼𝛼, ℎ and 𝑣𝑣 are the absorption coefficient, Planck’s constant, and the photon 
frequency, respectively. The direct optical bandgaps of the ICLB films were determined by 
extrapolating the linear regions to the photon energy axis as illustrated in Figure 5b. Eg values of all 
samples are around 2.28-2.35 eV as listed in Table 1, which contributed to the presence of 
nanocrystal CsPbBr3 in the film [24, 30]. However, the indirect optical bandgap of CsPb2Br5 
evaluated from the plot of  (𝛼𝛼ℎ𝑣𝑣)1/2 versus photon energy (ℎ𝑣𝑣) in Figure 5c done according to 
equation (6) was approximately 2.87-3.10 eV (as summarized in Table 1). This value is close to the 
tetragonal CsPb2Br5 phase (∼3.08 eV) [31]. The ICLB_0.04M sample had the highest Eg value (3.5 
eV) among five samples. This may be due to the large amount of PbBr2 remaining on film as 
evidenced by XRD spectrum in Figure 3. 

 

                              (𝛼𝛼ℎ𝑣𝑣)1/2 = 𝛽𝛽1/2�ℎ𝑣𝑣 − 𝐸𝐸𝑔𝑔� 
  

     (6) 
 

The HTM-free perovskite solar cells were assembled using the ICLB films as the light 
absorber, and the carbon film as the hole-collector. The structure of this carbon-based HTM-free 
ICLB perovskite solar cells was as follows: FTO/TiO2-BL/TiO2-porous/dual-CsPb2Br5-
CsPbBr3/carbon film as illustrated in schematic Figure 2. The photocurrent density (J) versus 
photovoltage (V) curves are shown in Figure 6. The short circuit current density (Jsc), open circuit  
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Figure 5. UV-vis absorption spectra of the ICLB perovskite films, (a) absorbance, (b) the 
estimation of the direct optical energy bandgap of CsPbBr3, and (c) the estimation of the indirect 

optical energy bandgap of CsPb2Br5 

(a) 

(b) 

(c) 
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Table 1. Films thickness and energy bandgap of the ICLB films, and the photovoltaic parameters 
of the carbon-based HTM-free ICLB perovskite solar cells 

 
Samples 

 
 
  

Thickness 
(µm) 

Direct 
optical 

bandgap 
(eV) 

Indirect 
optical 

bandgap 
(eV) 

Jsc 
(mA cm-2) 

  

Voc 
(V) 

  

FF 
 
  

η 
(%) 

  

 ICLB_0.04M 0.76 ± 0.12 2.28 3.50 2.92 1.090 0.464 1.50 

ICLB_0.06M 0.99 ± 0.11 2.35 2.87 3.23 1.068 0.507 1.70 

ICLB_0.08M 1.64 ± 0.18 2.34 3.05 3.83 1.111 0.612 2.60 

ICLB_0.10M 0.93 ± 0.13 2.31 3.10 2.39 0.942 0.311 0.70 

ICLB_0.12M 1.01 ± 0.08 2.32 3.05 1.61 0.158 0.250 0.10 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6. J-V characteristic curves of the carbon-based HTM-free ICLB perovskite solar cells 
 
voltage (Voc), fill factor (FF), and efficiency (η) were extracted from the J-V curves and listed in 
Table 1. It was found that the values of Jsc, Voc, FF and efficiency increased with increasing CsBr 
concentration in the range of 0.04-0.08 M. This was because the film thickness, absorbance and 
uniformity of the ICLB perovskite films increased as seen in the UV-visible absorption and SEM 
results. The high absorbance increases the probability of electron-hole carrier generation. High film 
uniformity can reduce the carrier recombination rate resulting in the high Voc values [32]. However, 
the high CsBr concentrations over 0.08 M caused the reduction of JSC, FF, and efficiency. This is 
owing to the heterogeneity of the perovskite structures and the large remaining PbBr2 impurities in 
the film. Thus, the optimum condition for preparing the ICLB perovskite film was 0.08 M CsBr 
concentration, which delivered the highest Jsc, Voc, FF, and efficiency of 3.83 mA/cm2, 1.111 V, 
0.612, and 2.60%, respectively.   
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The stability of the ICLB perovskite solar cells was tested under the ambient environmental 
conditions, i.e. at room temperature without controlling humidity. Figures 7a-7d reveal that the  
ICLB perovskite solar cells prepared from the different CsBr concentrations had great cell stability. 
ICLB cells have the high stability because ICLB film is an inorganic compound, which is well 
known to have a good resistance to moisture and temperature [33].  The ICLB_0.08M perovskite 
solar cells exhibited high Jsc, Voc, FF, and η stability. The solar cell efficiency was reduced by only 
10% of the maximum value (3.0%) after 816 h testing. This good ICLB_0.08M perovskite solar cell 
stability is probably due to the stable CsPb2Br5 and CsPbBr3 structures, the uniform crystalline 
surface and the low PbBr2 impurity phase [34]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

 

 

 

 

 
 

Figure 7. The plots of the (a) Jsc, (b) Voc, (c) FF and (d) efficiency of the carbon-based HTM-free 
ICLB perovskite solar cell versus times 

 
 
4. Conclusions 

 
ICLB perovskite films were successfully prepared via a two-step sequential solution method in an 
ambient environment. All ICLB samples were composed of mixed CsPb2Br5 and CsPbBr3 phases 
with some PbBr2 impurities. The ICLB_0.08M film showed uniform particle size, low pin-hole 
defect, low PbBr2 impurities and high light absorbance. The ICLB_0.08M perovskite solar cell 
delivered the highest efficiency of 2.60% with good cell stability over 816 h. Furthermore, the co-
existence of CsPb2Br5 and CsPbBr3 perovskite showed good potential for converting light energy 
into electricity. However, its efficiency must be improved for practical applications in the future.  
 

(a) 

(b) 

(c) (d) 

(b) 
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