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CHAPTER 1 

INTRODUCTION 

1.1. Photovoltaic cell 

The demand of nanostructured metal oxide materials usage has increased significantly over 

the past decade since those materials are known to have wide application [1]. For the 

photovoltaic application, some metal oxide nanomaterials have been developed to be a 

component in the device. The common material which has been studied mostly so far in 

photovoltaic device is titanium dioxide (TiO2) since it performs the enormous ability for energy 

conversion from solar energy to electricity energy [2,3]. TiO2 application for photovoltaic device 

has become greater after O’Regan and Grätzel introduced the utilized of TiO2 for photoanode in 

solar cell system sensitized with dye which is known as dye-sensitized solar cell (DSSC) in 1991 

[2]. Since then, solar cell research based on this model can be considered as an interesting topic 

until nowadays because of its environmentally friendly character and it employs renewable 

resources. 

Many researchers have modified the composition in the photovoltaic cell and designed the 

cell arrangement as the effort to increase the photovoltaic performance. One of the important 

parts which can be considered as the major component is photoanode. This part is the most 

studied component in photovoltaic cell development. It can act as good photoanode if it has good 

transparency and excellent contact with the visible light. To build a good photoanode, some 

experiments were reported, like the physical modification on the TiO2 and ZnO photoanodes by 

post-annealing treatment [4–7] and the doping treatment to the semiconductor materials with 

inorganic and organic material [8,9]. By those modifications, it had the impact on the electrical 
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transport properties in photoanode and resulted in a better performance than undoped material 

and non-composite films [10,11]. 

In photovoltaic solar cell device, there is one component which has the ability to harvest the 

light for transporting the charge carrier, namely absorber material. Silicon (Si) is the most solar 

absorber used which can perform the solar efficiency for more than 20%. Nowadays, silicon 

solar cell has been commercializing as the photovoltaic material because it has been considered 

as the reasonable-cost material which has good reliability to live longer [12]. However, to apply 

silicon for photovoltaic application, it needs higher purity silicon. In other words, silicon is low-

defect tolerance material. 

Besides Si, some inorganic materials have been produced for solar cell purposes, for instance 

Cu(In,Ga)Se2/ CIGS and CdTe materials. Recently, the new material which based on the organic 

and inorganic material and adapted the perovskite structure, ABX3, namely CH3NH3PbI3 (methyl 

ammonium lead idodide/ MAPI) has attracted the attention among researchers due to its good 

performance. The solar efficiency comes from MAPI is competitive to the silicon solar cell and it 

can be a great solution for finding an alternative to get the higher efficiency from solar cell 

device which has increased from 3 to 22.1% during this 10 years [13,14]. Also, MAPI can be 

considered as the high tolerance in defect which no need the high level in its purity for 

photovoltaic application. As the consequence, low cost in synthesis of this material can be a 

good thing for mass production of MAPI in this application. 

A rapid rising in the solar cell of lead-halide perovskite caused the use of it has been 

preferred and most developed in recent years. However, behind the use of lead perovskite, it 

remains problems to the environment [15]. Lead is known as the toxic material which is 

dangerous for human living although it performs a competitive performance in comparison to the 
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silicon. The risk of lead contained in material will not only danger to the human and living 

beings, but it is also dangerous to the environment [16]. Therefore, many researchers have tried 

to find another way for replacing Pb in the perovskite structure. The second problem in the Pb-

perovskite application is its instability. Generally, it is known that Pb-perovskite with the 

structure MAPbI3 is easy to be decomposed due to the humidity, UV light, and high temperature 

[17–20]. Some efforts have been attempted to improve the stability of this layer, for exa mple, 

device encapsulation [21,22], using the stable electrode which is compatible to the perovskite 

[23,24], and hydrophobic polymer incorporation [25–27]. 

Since Pb has the ns2 valence electron, it can be replaced with Bi which sits next to Pb in the 

periodic table. Bi also can be categorized as a heavy metal but it has low toxicity than Pb. Based 

on this fact, Bi can be attempted to be an alternative of lead [28]. Bismuth(III) is isoelectronic to 

Pb(II) and it tends to be more stable than Tin(II). Therefore, so many reports informed the use of 

Bi3+ in the perovskite structure instead of Pb2+ to obtain the more environmental benign solar cell 

structure [29–31] although the efficiency is still on the enhancement process [32]. Moreover, 

another bismuth-based material namely bismuth oxyiodide (BiOI) can be considered as the 

promising material for photovoltaic materials and it will be studied on this work. 

1.2. Inorganic photovoltaic cell 

The crystalline and amorphous inorganic compounds, like silicon (Si), CdTe, chalcopyrite 

compound, copper indium gallium diselenide (CIGS) have been utilized as the component in the 

photovoltaic device. Beside those materials, hybrid-perovskite solar cells have demonstrated a 

tremendous potential component in solar cell structure which has been indicated by the great 

performance of this material. Single and polycrystalline silicon, gallium arsenide (GaAs), and 

cadmium telluride (CdTe) are also being the most popular inorganic photovoltaic device. In 
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inorganic photovoltaic cells, the semiconducting element is purposed for light absorption. 

Generally, it contains a p-n junction consists of a p-type and an n-type semiconductor, which are 

involved as the hole and electron transport layer. 

 

Fig. 1.1 Structure of common inorganic solar cell. 

The illustration which is shown in Fig. 1.1 is the common composition in the inorganic solar 

cell. It contains the conductive substrate, an n-type semiconductor, absorber, p-type 

semiconductor, and counter electrode (metal electrode). When the absorber absorbs the suitable 

radiation, the photon can hit the electron to flow across the p-n junction which resulted in the 

electricity due to the photoelectric effect. Commercial Si is the most popular material for 

inorganic photovoltaic cell because of its good stability and high power conversion efficiency. 

However, to purify silicon still needs cost. Hence, it needs alternate materials which are cheap, 

high defect tolerance and environmental benign with a competitive performance.  

1.3.  Absorber in photovoltaic cell 

Absorber can be considered as the main component in the solar cell device since this part can 

harvest the light, absorb it and result in the charge carrier transport within the electrical device. 

The most common solar cell absorber is thick polycrystalline silicon (Si) which performs high 
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efficiency for more than 20%. Other absorbers have been developed based on the inorganic 

materials, like CdTe and CIGS. However, CdTe and CIGS are toxic. Another absorber in PV 

technology is CH3NH3PbI3, Pb-perovskite which is cheap and can result in the higher efficiency 

of solar cell. However the used of Pb in the MAPI structure can be harmful for human living. 

1.4. Bismuth oxyiodide (BiOI) 

Bismuth-based compound is the Pb-free material which is easy to synthesis, has the lower 

toxicity in comparison to among semiconductor materials [33–35] and high tolerance in defect 

[36]. Generally, bismuth-based materials can be synthesized by some routes, like sonochemical 

method, hydrothermal method, and chemical bath deposition. Materials composed with bismuth 

can be categorized as the p-type semiconductor. As it has good activity under the visible spectral 

range, it is suitable in the application for photocatalyst, absorber in photovoltaic cell, and water 

purification [37–40]. The hybridized valence between 6s in Bi(III) and 2p in oxygen causes the 

bismuth-based materials become active in the visible range. Hence, the bismuth oxyhalide, BiOX 

(X = Cl, Br, I) can perform the excellent optical and electrical properties  which make it will be 

promising for various application, especially in photocatalysis. 

Bismuth oxyiodide (BiOI) can be classified as the V-VI-VII semiconductor materials with 

matlockite structure and slabbed structure consisting of [X-Bi-O-Bi-X] layer by van der Walls 

interaction through the halogen atom. BiOX has the covalent bond in all atoms within the layer 

and it also causes the excellent mechanical and optical properties. Moreover, bismuth atom has 

the asymmetric decahedral symmetry which is constructed by four oxygen and halogen atoms. 

For the structure of BiOI, it is depicted in the Figure 1.2. 

Among the BiOCl and BiOF, BiOI has the narrower band gap energy which is around 1.59 

eV with band edge absorption at 645 nm. The calculation of band gap follows the indirect band 
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gap and it has been informed that the contribution of 2p in oxygen and np states in halide s has 

the impact on the maximum level in conduction band. Also, the 6p states in bismuth atom flavors 

the conduction band minimum level since the covalent bond strength in Bi-O > Bi-I [42].  

 

Fig. 1.2 Structure of BiOI [41]. 

1.5. BiOI for absorber material in photovoltaic device 

BiOI can act as the material for solar cell with low cost and low toxicity. At the beginning, 

the BiOI utilization for photovoltaic material was adapted from DSSC-like arrangement. For the 

first time, Zhao et al prepared the solar cell based on the BiOI by mixing BiOI nanoplate with 

the chitosan material (CHI). BiOI-CHI performed the Voc which was only 0.461 V and Jsc was 

20.4 μA/cm2 [43]. Later, Wang and co-workers developed the solar cell based on BiOI with the 

crossed flake- like arrays through the successive ionic layer absorption and reaction (SILAR) 

method to synthesize BiOI. By using this method and involving the Pt-counter electrode with 

iodine electrolyte, 0.092% of efficiency and ~6.5% of IPCE value could be obtained without 

utilizing any n-type semiconductor [44,45]. 

For a better improvement in BiOI solar cell, Zhang et al and Sfaelou et al tried to use BiOI 

for replacing the dye in DSSC. They made the cell with arrangement: TiO2/BiOI/Iodine 

electrolyte/Pt-counter electrode. The difference in both works is the way of BiOI synthesis 

method. Zhang et al developed BiOI by the CBD method, while Sfaelou et al used SILAR 
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method. By CBD, the maximum cell efficiency was 0.38% and surprisingly, 1.03% o f efficiency 

could be obtained in the Sfaelou and team’s [46,47]. However, it is interesting to note that in 

those works, the thicker BiOI used in the substrate lowered the solar cell performance. The 

bigger size of BiOI after the more cycles by CBD caused the ineffective contact between BiOI as 

p-type and TiO2 as n-type semiconductor. Furthermore, the TiO2 quality seems also to be the 

crucial impact on the BiOI solar cell performance.  

Later, Hoye and co-worker developed the solar cell based on the bismuth material which had 

the highest efficiency so far (~1.7%) by using the suitable hole and electron transport layer, 

namely NiOx and ZnO. In that work, the solar cell construction contained the pure inorganic 

materials, ITO/NiOx/BiOI/ZnO/Al with the air ambient stability up to 197 days [36]. In addition, 

Zhang and team combined the usage of BiOI and Fe2O3 as the photoanode in photovoltaic 

device. In that work, 0.55% as the maximum of efficiency performance could be obtained and it 

has been proven that BiOI can be mixed with other materials which showed the performance 

enhancement in comparison to its single material [48]. Thus, it is considered that BiOI is easy to 

prepare, low cost in preparation, having a good activity under the visible light and fascinating 

stability, and it has environmentally friendly character which make BiOI is still worth to be 

developed and studied. 

1.6. Challenge in BiOI solar cell 

Although the limit efficiency performance of BiOI is still low, it has been reported to have a 

better stability and low toxicity. It also has been mentioned that BiOI can be a promising 

material for photovoltaic cell since it has a life time which up to 2.7 ns [36]. BiOI still can show 

the photovoltaic properties although the result is far away from other materials. However, due to 
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the BiOI stability and its environmentally friendly, it is important to complete BiOI solar cell 

study by developing and preparing BiOI with different way. 

Referring to the application of BiOX materials for photocatalyst aspect, it has been noticed 

that the physical properties of this material, like crystal phase, dimension, shape, and size affect 

much on the photocatalytic behavior. The different synthesis method may result in the different 

synthesized material properties which can result in the different dimension, for example 1-D, 2-

D, 3-D, and other hollow nanostructures. Those materials can give the different light absorption 

ability [49]. As the consequence, the ability to contact with the UV-Visible light may change. 

This behavior also has the influence on the material for photovoltaic device. Here, this thesis 

proposed the way for synthesizing BiOI materials and studying its effect on the photovoltaic 

devices. Moreover, BiOI with smaller size is required to improve the BiOI performance in solar 

cell since the recombination probability in the photogenerated charges might be enhanced due to 

the BiOI overdeposition. 

1.7. Research objective 

To develop BiOI application for photovoltaic device, the more study on BiOI can be carried 

out by trying to synthesize BiOI in other ways. It is supposed that by different method and 

treatment in BiOI synthesis, it results in the different properties which is interesting and may 

have the different compositions and morphological structures. Therefore, it will result in the 

different photovoltaic performance. This thesis described how to prepare BiOI by a modified 

SILAR and changing the angle position during the dip coating work, exploring the different 

precursor concentration, developing BiOI films through spin-coating which involved the SILAR 

process (spin-SILAR), and applying the annealing treatment on the prepared BiOI powder. In 
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addition, application of less- iodide bismuth material which can act as the photocatalyst, namely 

Bi5O7I for photovoltaic device application is also discussed. 
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CHAPTER 2 

DIFFERENT ANGLE EFFECT ON THE PREPARED BiOI BY DIP-

COATING METHOD FOR PHOTOVOLTAIC APPLICATION 

 Introduction 2.1. 

BiOI which is p-type semiconductor can be used as one of parts for solar cell device. 

However, the efficiency is still low. Therefore, it is important to optimize the short-circuit 

current density (Jsc) and open-circuit voltage (Voc) of BiOI solar cell. The effort to increase the 

efficiency of BiOI solar cell can be carried out by modifying the way to synthesis BiOI. Due to 

the different method and applying some different treatment in the material synthesis route, the 

different properties of materials will come and it may effect on its application. 

Some methods are common to obtain BiOI which can be applied for inorganic sensitizer in 

photovoltaic devices and photocatalyst [1,2]. First, the conventional method which involved the 

solvent usage has been developed by Zhang and co-workers for BiOI synthesis and application 

for photocatalyst, namely solvothermal method. Next, Wang and co-workers prepared BiOI by 

successive ionic layer adsorption and reaction (SILAR). By this method, flakes array of 

BiOI/TiO2 composite could be applied for solar cell device for the first time. It resulted in the Jsc 

at 0.23 mA/cm2 [16]. Another work for BiOI solar cell by SILAR with TiO2 layer resulted in the 

Jsc for 3.8 mA/cm2 [5]. By using SILAR also, it resulted in BiOI solar cell for Jsc around 0.529 

mA/cm2 [6]. The work which is nearly same as SILAR is chemical bath deposition (CBD) which 

could reveal the performance for BiOI/TiO2 solar cell with the Jsc was 1.5 mA/cm2 [14]. Both 

SILAR and CBD are highlighted to be the common methods in BiOI preparation for solar cell 

application. By those methods, it is known that the film thickness is depended on the number of 

cycles during the SILAR and CBD methods. 
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Thickness in the prepared films by dip-coating may be controlled by the lifting speed during 

the coating process [7], fluid concentration [7], viscosity [8], and the angle during the withdrawal 

on the dip-coating [9–12]. Especially by involving the angle variation in dip coating, the 

thickness layer can be modified on the upper and the opposite side of substrate [13]. The 

equation in Eq. 2.1 shows that the characteristic scale of film thickness (h0) depends on the uw 

value which is the function of lifting speed from the liquid chamber, angle (θ), and the fluid 

properties, such as constant density (ρ) and viscosity (μ). By involving an angle inclination 

while dip coating process, it resulted in the thicker layer on the upper side with the different 

angle from 90o to 30o [9,14].  

ℎ0 = (
𝜇𝑢𝑤

𝜌𝑔 𝑠𝑖𝑛 𝜃
)

1/2

    (2.1) 

Since the study on the effect of angle inclination for BiOI preparation by SILAR is not 

reported yet, this chapter describes how to fabricate BiOI films and studied the angle impact on 

the prepared films and its photovoltaic properties by adapting the work from previous report [6]. 

The different angle resulted in the different properties of BiOI films which may come from the 

different thickness, size, and morphology of BiOI films. Furthermore, each photovoltaic property 

of prepared material by the different angle in dip-coating will be not similar. This result is 

expected to support the evidence that the angle inclination for material preparation also has the 

effect on the material properties which impacts on the ability of BiOI absorption in the visible 

light spectral range which is important for solar cell application.  

2.2. Synthesis and fabrication of BiOI films 

The modified SILAR with the different substrate angle during the dip-coating process which 

adapted from Wang and co-workers’ work was used for BiOI films preparation [6]. The same 

mole ratios of Bi(NO3).5H2O and KI were prepared in aqueous solution. Glass/ FTO substrates 
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were used as the substrates with the size 2 x 2 cm. Each substrate was cleaned in acetone (twice) 

and ethanol (once) which was followed by N2 gas blowing into the substrates before UV/O3 

treatment for 30 minutes in total. The angle inclination in SILAR with dip-coating is depicted in 

Fig. 2.1 with the angle (α) variation from 50 to 90o. After the films were obtained, the heating 

treatment at 100 oC was carried out. 

  

Fig. 2.1. BiOI deposition illustration by modified SILAR (I), vertical (α=90o) dip coating (IIa), 

and angled (α≠90o) dip coating (IIb). 

For solar cell application, the resulted films were used as photoanode. The Pt-coated glass 

was utilized as the counter electrode and I-/I3
- redox (Solaronix Iodolyte AN-50) was set up for 

the electrolyte liquid media. All of the samples were test with a solar simulator (100 mW/cm2, 

AM 1.5 illumination) in the air with the area 0.16 cm2. Further characterization was finished by 

using X-Ray diffraction (XRD, Rigaku SmartLab), Raman Spectrometer (Raman, JASCO NRS-

2100), UV-Visible NIR Spectroscopy (UV-Vis NIR Spectrophotometer, JASCO 670 UV), and 

Field Emission Scanning Electron Microscope (FESEM, JEOL JSM-7001F). 

2.3. Dip-coating angle effect on the structural properties of BiOI 

2.3.1. Structural study by Raman spectra 

Raman spectrophotometer was used for structural study of prepared BiOI. From the Fig. 2.2, 

Raman spectra shows the peak around 149.6 cm-1 for the (Eg) vibration mode of Bi-I. This result 

is in line with the previous report [15]. Although there are other types of Raman active BiOI 

II I 
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vibrational modes, namely A1g and B1g can be found in the BiOI structure, in this work, both 

those modes are not existed since it could not be observable in the Raman machine like in the 

previous report [16]. By the angle decreasing, it is found that the intensity of BiOI peak 

increased. It might come from the thickening of prepared BiOI at angle 50o in comparison to the 

other samples. 

 

Fig. 2.2. Raman spectra of prepared BiOI films with varied angled dip-coating. 

2.3.2. Crystal analysis by XRD 

In the Fig. 2.3, it is showed the XRD patterns of prepared BiOI films via angled dip-coating. 

From the depicted patterns it is noticed that the resulted BiOI is matched to the JCPDS card no. 

73-2062 for BiOI material. The attributed peaks for BiOI are 2θ 29.6o, 31.7o, and 45.5o for (012), 

(110), and (020) crystal planes. There was no impurity found in the samples and those peaks 

were similar to the BiOI tetragonal phase pattern from the previous research [17]. Therefore, it is 

convinced that BiOI was successfully synthesized via this process. 
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Fig. 2.3. XRD patterns of prepared BiOI films with varied angled dip-coating. 

Crystal size calculation was carried out using Debye-Scherrer equation in Eq. 2.2 [18] (L is 

the size of crystal, K is constant (0.9), λ is Cu wavelength (0.154 nm), β is the FWHM in radian, 

and θ is the Bragg angle for the diffraction peaks). The resulted crystallite size was 21.25; 18.87; 

and 18.53 nm, respectively for prepared BiOI at 50o; 70o; and 90o. By those results, it can be seen 

that the different angle has a slight impact on the different material crystallite size. 

         L =
Kλ

βCosθ
       (2.2) 

2.4. Optical properties of prepared BiOI 

The UV-Visible spectra are displayed in the Fig. 2.4. From the transmittance data (Fig. 2.4.a), 

the synthesized BiOI film vertically has the less transparency than others. By reducing the angle 

during dip-coating, it resulted in the more orange films. This result is line with the Raman 

spectra. The remained BiOI in the substrates by the different angle influences the absorbance 

behavior (Fig. 2.4.b). The more agglomeration of BiOI might occur in the lower angle which 

caused the more BiOI in the substrates. As a result, the more orange and concentrated BiOI films 

were obtained with the wider absorption in visible region. The thickening film from the tilting 
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angle ranging from 90o to 50o caused the shifting of wavelength from 660 nm to 680 nm and the 

present study has a good agreement with the reported research [19,20]. 

To calculate the band gap energy, Tauc plot equation in Eq. 2.3 was used, where α, v, Eg, 

and A represent the coefficient of absorption, frequency of light, band gap energy, and a constant,  

respectively. Last, the n value can be 1 for direct transition and  4 for indirect transition [31–34]. 

αhv = A(hv − Eg)
n/2

      (2.3) 

Due to the lowering angle, it makes slight different band gap energy of BiOI, from 1.9 to 1.8 

eV. Semiconductor optical properties can have a good correlation with the morphology and 

material size. Especially for BiOI, BiOI nanoplatelets band gap energy is lower than BiOI 

nanoflakes [25]. BiOI band gap energy in this experiment is close to the reported work which 

related to the BiOI synthesis and characterization [26–32]. Moreover, band gap energy also can 

be affected by the atomic distance and grain size [33].  

  

Fig. 2.4. UV-vis transmittance (a) and absorbance spectra (b) of synthesized BiOI films with 

varied angled dip-coating. Inset: Tauc plot for indirect band gap, (αhv)1/2 vs photon energy (hv). 

2.5. Morphological study of prepared BiOI 

Fig. 2.5 shows that the SEM images of prepared BiOI films in the different angle are the 

flaky BiOI. It was in line to the previous reports [3,5,6]. Based on the previous reported BiOI 

b a 
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experiment, it was known that 2D structure for BiOI such as flaky and plate- like structure are 

typically grown perpendicularly [34]. Here, it is found that in the vertical substrate, the flake 

morphology dominated and it had the thickness around 25 nm with the lateral size ranged in the 

submicron area between 100 and 300 nm (Fig. 2.5c and f). However, in the tilted angle, BiOI 

films had the larger size of flake which up to 800 nm. The more BiOI deposition due to the 

tilting substrate could result in the larger particle and the thicker BiOI films. The proposed 

illustration of angled substrate for BiOI preparation is shown in Fig. 2.6. 

 

Fig. 2.5. SEM images of BiOI films with varied angled dip-coating 50o (a); 70o (b); 90o (c), and 

image in the higher magnitude from prepared film at 50o (d); 70o (e); 90o (f). 

The lower angle orientation might allow the changing of height interface in the inclined 

substrate in comparison to the vertical substrate. The remained material in the inclined substrates 

may be more in comparison to the perpendicular sample. Therefore, the thicker BiOI will be 

obtained from the tilted substrates. By the film thickness analysis, the prepared sample by 50o of 
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substrates had the thickness around 3 μm while the perpendicular substrates resulted in the 1 μm 

-thick of BiOI films. Also, the gravity effect and hydrostatic pressure might promote the more 

BiOI deposition in the substrates to result in the thicker films besides the reducing sin θ value 

based on the Eq. 2.1 [11]. Then overall, BiOI is easy to be deposited massively at lower angle. It 

might reduce the surface free energy and reach the crystal stability. The deposition illustration in 

this work is depicted in Fig. 2.6. 

 

Fig. 2.6. Illustration of BiOI growth model in the perpendicular and tilted substrates. 

2.6. Photovoltaic property of BiOI 

Fig. 2.7a shows the IV curve of prepared BiOI films and Fig. 2.7b illustrates the solar cell 

construction. A maximum of short-circuit density about 1.47 mA/cm2 could be obtained and it 
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was almost three times higher from the previous results in nanoflakes and nanoplatelets BiOI 

solar cell [6,34]. The open-circuit voltage was around 0.46 V. The declining photovoltaic 

parameters might be caused by the film thickening with the increasing in the morphology and 

size of BiOI.  

The larger size of flake morphology might have the smaller surface area and it could reduce 

the active site area. The surface area of BiOI film might increase along with the higher angle, 

like mesoporous TiO2 for dye-sensitized solar cells. The less contact between electrolyte and 

bigger semiconductor material might be responsible to reduce Jsc value and decrease the electron 

exchange in photovoltaic cell. Moreover, the morphology might affect the free charge mobility 

and exciton dissociation in the solar cell. Then, it could decrease the photovoltaic performance. 

When the band gap energy increased, a small increment of Voc also can be obtained.  

  

Fig. 2.7. I-V curves of BiOI/FTO with synthesized BiOI films with varied angled dip-coating 

(a) and schematic of BiOI/FTO solar cell (b). 

2.7. Conclusions 

Angle variation in the dip coating process could result in the different properties BiOI films, 

like the optical properties, crystallinity, size, and morphology due to the thickening layer. A 

smaller flake size from the vertical FTO substrate exhibited the better Jsc and Voc which up to 

b a 



 Chapter 2 

 

22 

 

1.47 mA/cm2 and 0.465 V. Those results were higher than those measured in the previous studies. 

By the research result, it could be concluded that substrate angle inclination had the effect on the 

resulted films by SILAR which based on the dip-coating. Furthermore, to get a better 

performance of BiOI films for solar cell, a further optimization in BiOI preparation is needed to 

get the more controlled BiOI morphology. 
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CHAPTER 3 

EFFECT OF PRECURSOR CONCENTRATION ON THE PROPERTIES 

OF BISMUTH OXYIODIDE FOR PHOTOVOLTAIC DEVICE 

 Introduction 3.1. 

Among the bismuth oxyhalide materials, BiOI is one of the attracted materials to be applied 

as semiconductor material [1]. It has been reported as a good material for photocatalyst [2–10] 

and it can be applied in the solar cell devices [10–16]. BiOI also has the band gap energy value 

~1.8 eV with strong absorption in visible light region. However, the BiOI performance is still 

low, which is ~1% [12]. The condition during the semiconductor material preparation may be an 

important factor to increase the solar cell performance. In the BiOI synthesis, precursor condition 

(i.e. precursor and solvent adjustment [17–20], concentration [21–23], and surfactant selection 

[18,20]) can be the key factors to improve the materials properties, like morphology, size, 

crystallinity which those properties have an effect on the photovoltaic cell performance.  

Generally, there are two types of BiOI synthesis ways, which need solvent and no need the 

solvent usage [10,15,24–27]. In the solvo-reaction method, BiOI films can be prepared by 

SILAR and chemical based deposition (CBD) [12,13,15]. In SILAR, the solar cell performance 

was influenced by the number of cycle reaction because it controls the thickness and other 

properties [12–15]. In addition, the angle inclination in SILAR has the effect on the BiOI solar 

cell performance [28]. Referring to the increment of CuO solar cell performance due to the 

increase in its precursor molarity in SILAR [29], the molarity precursor can be optimized to 

prepare BiOI films. The precursor concentration can control the morphology, structural and 

optical properties [30–32]. By adjusting the precursor concentration, there is a possibility to get 
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the desired film, reduce the amount of solvent and solute usage, and reduce the time needed for 

preparing the films [33]. 

Although the successful BiOI photoanode for solar cell application by SILAR with 5 mM of 

precursors was reported, its short-circuit current was not more than 1 mA/cm2 [11–15]. Then, 

here, this chapter addresses the possibility of solar cell performance enhancement in BiOI films 

by varying its precursor concentration and report the double increment of Jsc value from the 

prepared BiOI films in this work compared with the previous results. Owing to the increase in 

the precursor concentration, the different properties of BiOI films and their solar cell 

performance were obtained. So far, there is no reported study in the precursor concentration 

effect during BiOI preparation using SILAR method.  

3.2. Materials and method 

The BiOI deposition onto the cleaned FTO substrate with the size 2 x 2 cm was done by 

modified SILAR [14] using varied Bi(NO3)3.5H2O and KI precursor concentrations (i.e 2 mM, 5 

mM, 6 mM 7 mM, 8 mM, and 10 mM). In the deposition process, the lifting speed and the cycles 

were set up at 0.2 mm/s and 30 cycles respectively. All of the prepared films were heated in air 

at 100 oC for 1h. 

The resulted films were utilized as photoanode. The Pt-coated glass was used as the counter 

electrode and I-/I3
- redox (Solaronix Iodolyte AN-50) was for the electrolyte liquid media. The 

samples were test with a solar simulator (100 mW/cm2, AM 1.5 illumination) in the air with the 

area 0.16 cm2. Further characterization was tested by using X-Ray diffraction (XRD, Rigaku 

SmartLab), Raman Spectrometer (Raman, JASCO NRS-2100), UV-Visible NIR Spectroscopy 

(UV-Vis NIR Spectrophotometer, JASCO 670 UV), and Field Emission Scanning Electron 

Microscope (FESEM, JEOL JSM-7001F). The solar cell construction is shown in the Fig. 3.1. 
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Fig. 3.1 Illustration of BiOI solar cell. 

3.3. Analysis of BiOI structure and morphology 

3.3.1. Structural analysis 

The diffractogram in Fig. 3.2 represents the XRD patterns of prepared BiOI films at 5 mM 

and 10 mM. The higher precursor concentration leads to the increase in the crystallinity of BiOI. 

It was easy to obtain the thicker BiOI film at the higher concentration which was supported by 

the higher intensity of BiOI peaks in the XRD patterns. The resulted BiOI crystal has good 

agreement with the previous report and JCPDS card no 73-2062 [26]. The character of BiOI was 

identified from the attributed peak at 2θ around 29.6o (012), 31.7o (110), and 45.5o (020). 

The crystal structure pattern of BiOI both in the films from 5 mM and 10 mM are 

qualitatively same. The only different thing comes from the full width at half maximum value 

(FWHM). It had the impact on the crystallite size of BiOI which was 16.94 and 18.46 nm from 5 

and 10 mM of precursor concentration. Therefore, the higher molarity of precursors can result in 

the larger grain size of material. This is in line with the previous report  [29]. 
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Fig. 3.2 XRD patterns of BiOI films from 5 and 10 mM. 

3.3.2. Morphological analysis 

Fig. 3.3 shows the SEM images of BiOI films from 5 mM, 6 mM, 7 mM, and 10 mM of 

precursor concentration. The results are expressed in A, B, C, and D, respectively. The resulted 

films have the flake structure like in the previous research. By the same cycles, BiOI flakes 

cannot be clearly seen in the earlier concentration (5 mM), whilst, at the higher concentration, 

the wider flakes BiOI appeared. In Fig. 3.3B and 3.3C, the wider and thicker of BiOI flakes have 

the lateral size around 500 nm and more than 1 μm for BiOI in the Fig. 3.3D. The more and 

bigger rod- like material are obtained in the higher concentration. This phenomenon is similar to 

the previous report [34]. In Fig. 3.3E, the cross sectional image of BiOI film shows the BiOI 

thickness is ~3.4 μm-thick from the prepared BiOI at around 6 mM of precursor concentration.  
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Fig. 3.3 SEM image of BiOI films from the concentration: 5 mM (A), 6 mM (B), 7 mM (C), 10 

mM (D) and cross sectional of ~6 mM of precursor (E). 

E 

~3.7 μm 
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The proposed illustration of BiOI growth is shown in Fig. 3.4. Within the concentration of 5 

mM for 30 cycles, the wider BiOI flakes are obtained started from 6 mM. Rod-like materials 

which consisted of BiOI flakes can be obtained by the more concentrated precursors (7, 8, 10 

mM). The reaction probability between anion and cation may be caused by the increase in the 

precursor concentration which enhances the probability collision among reactants in the 

concentrated solution. BiOI flakes also can result in the self-assembly formation of new 

morphology like flower-like structures of BiOI [4,35,36].  The rod-like material transformation 

from flakes morphology also could occur in the hematite synthesis [37].  

 

Fig. 3.4 Proposed illustration of BiOI morphology changing due to the concentration effect. 

3.4. Optical properties 

3.4.1. UV-Visible spectral analysis 

Fig. 3.5 shows the transmittance and absorbance spectra of BiOI films. The precursor 

concentration has the effect on the material absorption in the visible spectral range. The more 

concentrated of Bi(NO3)3 and KI resulted in the wider visible light range absorption and higher 

absorbance of BiOI films.  
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Fig. 3.5 UV-Vis transmittance (a) and absorbance spectra of synthesized BiOI films in the 

precursor concentration (b). Inset: Tauc plot for indirect band gap calculation, (αhv)1/2 vs photon 

energy (hv). 

The band gap energy calculation using Tauc plot for indirect band gap of BiOI is shown in 

Fig. 3.6. According to the (αhv)1/2 vs (hv) plot, the band gap energy of prepared BiOI films are 

varying from 1.85 eV to 1.7 eV. The result is also in good agreement with the absorbance data. 

The increase of BiOI grain size at the higher precursor molarity may change the BiOI band gap 

energy and it has the good agreement with the previous report [38].  

 

Fig. 3.6 Band gap energy of resulted BiOI films prepared from the different concentration. 

b 

a 
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3.4.2. Raman analysis 

Fig. 3.7 shows the Raman spectra of BiOI films. All of films have the strong peak which 

indicated Bi- I vibration stretching mode (Eg) at 147.91 cm-1. It is in line with the previous results 

[39–43]. However, other peaks for BiOI Raman pattern could not be detected due to the 

limitation during the observation. This condition is similar to the previous report [39]. The 

increase in the Bi- I vibration peak may be affected by the amount of BiOI in the films. Hence, it 

is believed that the higher precursor molarity could induce the faster agglomeration and 

aggregation of BiOI particles to result in the more BiOI [44].  

 

Fig. 3.7 Raman spectra of BiOI films prepared from the different concentration. 

3.5. Photovoltaic properties 

The solar cell performance of BiOI films is displayed in the Fig. 3.8. From the I-V analysis, 

the improvement of solar cell performance is obviously seen up to the precursor concentration 7 

mM. Then, it drops significantly when the concentration is increased up to 10 mM. This work 

shows the best efficiency of 0.318% for the BiOI photoanode prepared from 7 mM precursor 

solution. Although the solar cell performance is still low, it shows the photovoltaic performance 
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improvement of BiOI photoanode. The better performance of single BiOI photoanode for solar 

cell has been obtained in comparison to the previous results [13,14]. 

 

Fig. 3.8 I-V performance of synthesized BiOI films prepared from the different concentration. 

The effect of thickness and material size due to the changing precursor concentration may 

result in the higher visible light harvesting in BiOI films. However, sometimes it could decrease 

the solar cell parameter. The thicker layer may result in the non-compact layer which reduces the 

solar cell performance because of the increasing probability of back electron transfer in solar cell 

device. This phenomenon might be same as in the previous result [28] and it seems similar to the 

reported researches [10,12,14–16,45]. In this work, an extremely decreasing of photovoltaic 

performance is known to occur for resulted BiOI from 10 mM. Although the crystallinity 

between those prepared film by 5 mM and 10 mM had not a significant different, the Jsc and 

Voc of resulted materials at 10 mM of precursors was near from zero. The bigger size of BiOI 

and the thicker BiOI might influence the electron lifetime to make the solar performance of this 

film to be much lower. 

The resulted EQE analysis is shown in the Fig. 3.9. In this work, the EQE peak and Jsc show 

the same trend although the efficiency of BiOI devices is still low in comparison to the Pb-
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perovskite. The chemical composition and crystallographic structure of BiOI and Pb-perovskite 

are different but it has been predicted that those material are high-defect tolerant semiconductor 

materials [46] which may be beneficial for the solar cell device application.  

 

Fig. 3.9 EQE curve of synthesized BiOI films from some precursor concentrations. 

3.6. Conclusions 

The precursor molarity variation in BiOI films preparation has the effect in the different 

physical properties of BiOI and further for solar cell application. Molarity of 7 mM was the best 

condition for BiOI preparation which resulted in the Jsc value of ~2.2 mA/cm2. The thicker layer 

could be achieved easily in the higher concentration of Bi(NO3)3 and KI but it resulted in the 

bigger flaky and rod- like BiOI which decreased the solar cell performance. The increment of 

solar cell performance existed up to concentration 7 mM and drop significantly at 10 mM. Hence, 

it can be pointed that the physical properties of BiOI films prepared by SILAR can be strongly 

controlled by the molarity of precursor.  
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CHAPTER 4 

PREPARED BISMUTH OXYIODIDE BY SPIN-SILAR FOR 

PHOTOVOLTAIC APPLICATION 

 

 Introduction 4.1. 

BiOI is one of semiconductor materials which is considered to have the high-defect tolerance 

property although bismuth is listed in a heavy metal member [1]. BiOI can be clustered as p-type 

semiconductor with the narrow band gap and strong absorption under visible light at ~1.8 eV of 

band gap energy value. Therefore, owing to its character which is safe to environment, BiOI has 

been commonly applied in photocatalytic reaction and photovoltaic device [2,3]. Typically, BiOI 

can be synthesized by dip-SILAR [2], chemical vapor transport [4], mechanical grinding [5], and 

solvo-thermal reaction [6]. 

In the conventional dip-SILAR, the rinsing step must be involved to maintain the film 

uniformity in order to get the better performance. However, due to the water treatment, this dip-

SILAR consumes the more time for producing the better film, particularly in the large-scale BiOI 

fabrication. Then, it is considered that dip-SILAR has less reproducibility despite the fact that it 

is low cost [7]. Furthermore, the surface morphology becomes worse with the film thickening 

due to the remaining solution after a repeated dip-coating up to 30 cycles [8]. Since adsorption 

and reaction can occur while the spin-coating process is running, this chapter proposes spin-

SILAR to deposit BiOI onto the substrates to prepare a flat film in short time for the first time. 

By utilizing this method, the rinsing step and drying process can be completed when the solution 

are spun [9]. In addition, only the small amount of precursor solution is required in spin-coating 
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and thanks to the less remaining waste solution in spin-SILAR, for this reason, it offers the 

opportunity to be more environmentally benign than dip-SILAR. 

In this chapter, the structural, optical, and photovoltaic properties of BiOI film deposition by 

spin-SILAR instead of the conventional dip-SILAR are studied. The deposited BiOI films onto 

FTO/glass substrates exhibited the better performance of solar cell device with Pt/FTO as 

counter electrode and I-/I3
- solution as electrolyte compared to the previous result [2]. BiOI films 

preparation by spin-SILAR with changing the number of cycle was adapted from the previous 

experiment [2]. By the morphological analysis, the better uniformity of resulted BiOI layer by 

spin-SILAR was obtained although the rinsing step was eliminated. To date, there is no reported 

BiOI film deposition and its application involving spin-SILAR for photovoltaic devices. 

4.2. Synthesis and fabrication of BiOI films 

20 mg Bi(NO3)3.5H2O as bismuth source was dissolved in 5 mL deionized water. The same 

mole ratio of KI as iodide solution was also prepared. For the cleaning step of glass substrate, a 

sequential washing for 3 times in organic solvents, like acetone (twice) and ethanol (once) for 5 

minutes each was followed with N2 gas blowing and UV/O3 treatment for 30 minutes in total. To 

deposit BiOI films, bismuth and potassium precursors were dropped separately onto the cleaned 

FTO glass substrates before spin-coating process. Spin-coating was carried out for 20 s at 1500 

rpm. One cycle reaction completed if a sequential dropwise of bismuth solution was followed by 

potassium solution dropping onto the substrates. The preparation of BiOI films by SILAR using 

spin-coating method is illustrated in the Fig. 4.1 and the number of cycles in this experiment was 

set up from 5 up to 30 cycles. The thickness of the film was estimated using cross sectional 

image FESEM.  
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Fig. 4.1 Schematic diagram of spin-SILAR process. 

All of the resulted films were then characterized using X-Ray Diffraction (Rigaku RINT-

2100 diffractometer), Raman Spectrometer (JASCO NRS-2100), FESEM JEOL JSM-7800F, and 

UV-Visible Spectroscopy (JASCO 670 UV). Solar cell structure was prepared by a sandwich 

structure using FTO glass substrate, adapted from dye-sensitized solar cell device without 

involving the dye solution [2]. The photovoltaic structure was arranged by FTO/BiOI 

photoanode and Platinum-based as a counter electrode, like the arrangement: FTO/BiOI 

films/Iodine electrolyte/Pt-FTO. Then, this structure was tested using solar simulator (100 

mW/cm2; AM 1.5 illumination) with 0.16 cm2 illumination area. 

4.3. Structural analysis 

4.3.1.  X-ray powder diffraction analysis 

The diffraction patterns of BiOI films using spin-SILAR for various cycles are shown in the 

Fig. 4.2. The peaks in the diffractogram are in line with the crystal types in the JCPDS card 01-

073-2062. It is obviously seen that the film crystallinity enhances due to the more reaction cycle. 

However, in the films, only two types of BiOI crystal planes are obtained via spin-SILAR, 

namely (001) and (102) plane which exist in 2θ at 9.76o and 29.6o. All of crystal patterns are 

dominated by the (001) crystal plane. Therefore, it can be assumed that the formation of BiOI 

crystal in this chapter was initiated by (001) plane growth. In the resulted BiOI films by dip-
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coating, it is noticed that (102) and (110) planes were existed by the conventional SILAR and it 

was found that its crystallite size was around 18-21 nm. By involving the Debye-Scherrer 

equation in Eq. 2.2 [10], it can be obtained the crystallite size of BiOI from 15 and 30 cycles of 

spin-SILAR which were around 13.95 and 14.78 nm. The smaller crystal size may be obtained 

from the spin-coated BiOI sample in the less cycle, like in the BiOI film from 10 cycles. 

 

Fig. 4.2 XRD patterns of prepared BiOI films by spin-SILAR. 

4.3.2. Raman analysis 

Fig. 4.3 shows the BiOI character in Raman spectra. All available peaks in this figure 

correspond to the Eg stretching mode of Bi-I vibration in BiOI. Although the impurity is not 

found in Raman spectra, it is observed that the crystal plane in BiOI may have an impact on the 

Raman peak shifting. Generally, BiOI with (110) crystal peak has the Eg peak around 147-149 

cm-1 [11,12]. However, the prepared BiOI via spin-coating process shifts to the Eg position 

150.06 cm-1 after 15 cycles. This peak position for BiOI character was also reported for BiOI 

Raman spectra with the stronger peak crystal plane in (001) [13]. In addition, the BiOI formation 

follows the chemical reaction in the Eq.  4.1 [14]. 

Bi3+ + I- + H2O  BiOI  + 2H+       (4.1) 
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Fig. 4.3 Raman spectra of prepared BiOI films by spin-SILAR. 

4.3.3. Morphology analysis 

By the FESEM analysis, it can be observed that the 30 cycles of BiOI film had the dense and 

compact film in comparison to the dip-SILAR result [8,15]. A more uniform of flake- like 

structure was obtained in this experiment as shown in the Fig. 4.4. It can be identified the flaky 

structure in the samples which is known as the basic shape of BiOI and it is also similar to the 

many reported researches. When the cycle reaction increases during the film preparation, it can 

result in the higher size and density of deposited BiOI which are shown by the lateral size of 

BiOI flake growth (see Fig 4.4a-c). After 30 reaction cycles, the BiOI films could display the 

clear flaky morphology (Fig. 4.4c), whereas its lateral size was half of the resulted BiOI by dip-

coating, around 300 nm with the flake thickness around 10 nm [8]. The dip-coating process 

without rinsing step might initiate the further reaction between the remained BiO+ in the 

substrate and iodide ion which induced in the bigger BiOI growth like shown in the previous 

report [8,15]. 
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Fig. 4.4 Top-view FESEM images of BiOI film from 10 cycles (a); 15 cycles (b); 30 cycles (c); 

and tilted image of BiOI film via spin-SILAR 30 cycles (d). 

The compact BiOI film by spin-coating is shown in Fig. 4.4d, which tend to be denser than 

the previous dip-coated BiOI result [8,15]. Hence, owing to its smaller size, the prepared BiOI 

from spin-coating may have the higher surface area which can be expected to give a better 

performance. The interesting point of this process is the uniform films are easily produced via 

spin-SILAR. 

A B C 

D 
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4.4. Optical properties 

The optical study in Fig. 4.5a shows the absorption spectra, A (λ) for BiOI/FTO in UV–Vis-

NIR regions. The wider visible absorption of BiOI films due to the different cycle also can be 

reflected by the transmittance (see Fig. 4.5b) and reflectance spectra (see Fig. 4.5c). The greater 

film thickness and size of BiOI materials have the impact which is not only on the decrease in 

transmittance spectra, but also for the longer shifting in its absorption edge like shown in the Fig. 

5.5 (a, b) and reported research [16]. Owing to the grain size increment, the film thickness will 

improve the maximum wavelength shifting [17].  The variation of the absorption coefficient with 

the photon energy is also given by Tauc’s relation [18]: 

αhν = B(hν − Eg
Opt)r                                                                  (4.2) 

The best fitting of the experimental data to Eq. 4.2 is obtained when r = 2, so that, the type of 

electronic transition is indirect allowed transition, which is illustrated in Fig. 4.6. The calculated 

Eg
Opt is in the range of BiOI band gap energy [19]. It is noticed that the band gap estimation 

shows the changing in the band gap energy value among the resulted BiOI films. However, since 

the resulted film by 5 cycles of spin-SILAR was very thin, it was difficult to calculate its band 

gap energy. Generally, the increase in the reaction cycles results in the Eg
Opt  decrease in BiOI 

films which may reflect on the film thickness. Therefore, the evaluation of band gap energy of 

BiOI films can be arranged for the following order: 30 cycles (1.95eV) < 20 cycles (1.95eV) < 

15 cycles (2eV) < 10 cycles (2.25eV).  

In addition, Raman’s peak intensity of BiOI films in Fig. 4.3 shows an improvement due to 

the increasing of SILAR’s cycle reaction number. The highest intensity of BiOI films is shown 

by the film from 30 reaction cycles via spin-SILAR. This character might be reflected by its film 

thickness which tuned the different value of band gap energy among the prepared BiOI films. 
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Furthermore, the band gap energy changing can be caused by the different lattice strains, 

dislocation of film densities, and crystallite size of semiconductor materials. 

  

 

Fig. 4.5 UV-Visible absorbance (a), transmittance (b) and reflectance spectra (c) of prepared 

BiOI films by spin-SILAR. 

 

Fig. 4.6 The band-gap energy calculation of prepared BiOI films by spin-SILAR. 



 Chapter 4 

 

 

45 

 

4.5. Photovoltaic cell measurement 

BiOI films exhibit the low efficiency of solar cell which is around 600 μA/cm2 of Jsc. The 

solar cell evaluation by involving the iodine electrolyte as in the structure: FTO/BiOI/Iodine/Pt-

FTO shows the data like it is displayed in the Fig. 4.7. The more BiOI film in the solar cell 

exhibits the higher solar cell parameter although after 15 cycles, it performs the decrease in its 

performance as it is shown in the Fig. 4.8. The same trend has been similar to the previous work 

[20]. In this work, the best short-circuit current and open-circuit voltage was exhibited by BiOI 

films from 15 cycles. By increasing the cycles, it had the impact on the increasing in its open-

circuit voltage.  

 

Fig. 4.7 I -V curve prepared BiOI films by spin-SILAR in the different reaction cycle. 

In addition, the centrifugal force in the spin-coating might play the important role to 

accelerate the solvent evaporation. As a consequence, the dense of BiOI films in the FTO 

substrates can be completed by spin-SILAR. The more (001) plane in the BiOI may be 

unpleasant for solar cell application since the solar cell performance declines due to the film 

thickening and (001) intensity increment. Since the distinct in the crystal type has the influence 

in the charge photogeneration, it had the impact on the solar cell performance and the 

photocatalytic activity of BiOI [14] compared to the previous results [8,15]. However, it is still 
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possible to tailor the facet orientation in BiOI films via spin-SILAR which is favorable for solar 

cell application and showing the better photovoltaic performance and apply this result for the 

solid solar cell based on the BiOI films. 

 

Fig. 4.8 Short-circuit current and open-circuit voltage (a); and fill factor and efficiency (b) plots  

of prepared FTO/BiOI films by spin coating with cycle reaction variation. 

4.6. Conclusions 

In this chapter, spin-SILAR was proposed for the growth of BiOI films for the first time and 

by the solar cell analysis, it achieved the best solar cell parameter of 612 μA/cm2; 0.446 V; and 

0.103 % for its Jsc, Voc, and PCE, respectively. A good quality of BiOI film can be obtained by 

spin-coating process although the washing step was eliminated. Due to the time efficiency, 

simplicity and reproducibility of spin-SILAR, it is considered that this method can be aimed to 

the wider BiOI application. The crystal quality and quantity in the resulted films can be modified 

by the different precursor condition during this process.  
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CHAPTER 5 

BISMUTH OXYIODIDE AND ITS DERIVATION FROM ANNEALING 

TREATMENT FOR PHOTOVOLTAIC APPLICATION 

 Introduction 5.1. 

BiOI is a p-type semiconductor which can be applied for photocatalyst in photocatalytic 

reaction during the last decade [1–9]. This is also can be considered as the safe semiconductor 

material [10]. Besides for photocatalytic reaction, it is also useful for photoelectrochemical 

devices [11–17]. It can be synthesized both in the solvent usage and solventless condition 

[5,11,16,18–20]. Hydrothermal and solvo-thermal methods are commonly used for BiOI 

preparation in photocatalytic purposes [9,18,19]. Successive ionic layer adsorption and reaction 

(SILAR), and chemical-based deposition (CBD) are common to deposit BiOI films for 

photovoltaic application [13,14,16]. Here, the BiOI films preparation for solar cell was 

conducted via doctor blade method. 

The morphology, size, crystallinity, and optical properties can be modified by the treatment 

during the materials preparation, the different concentration of precursors [21–23], and the 

different surfactant and solvent used [24,25]. In addition, the post-treatment like heating and 

calcination process can change the material properties. In BiOI, the calcination allows to produce 

BiOI derivation [26]. Also, the pH adjustment during the synthesis process can result in the 

different property of BiOI [1]. 

BiOI and the family member have been applied as the photocatalytic materials [27]. Like 

Bi4O5I2, it could show the better photocatalytic performance than BiOI [28]. Bi7O9I3 had the 

excellent photocatalytic activity under visible light irradiation [26,29]. Bi5O7I could exhibit the 

twice higher of photocatalytic activity than BiOI [30]. Last, the polymorph Bi2O3 could show the 
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different order photocatalytic activity: β − Bi2O3 >  α − Bi2O3  >  δ − Bi2 O3 [31]. However, up 

to date, there is no study in the screening of BiOI and its derivations for photovoltaic device 

application even though BiOI and its family have been considered as the promising material [11]. 

Therefore, this chapter discusses about the effect of annealing treatment of BiOI in the various 

temperature on the properties’ material and their performance in photovoltaic device. The 

different temperature treatment resulted in the different performance of solar cell device. 

5.2. Synthesis and fabrication of BiOI films 

2 mmol Bi(NO3)3.5H2O and KI as solid precursors were grinded for 15 minutes. It was 

followed by adding 40 mL of deionized water which resulted in the orange mixture as-BiOI. 

Then, the as-BiOI was stirred for 5 h at room temperature to obtain BiOI powder. Rinsing 

treatment was carried out for BiOI powder with ethanol and deionized water for several times. 

To prepare the BiOI films via doctor blade method, the BiOI paste was made by mixing BiOI 

with ethanol for 5 minutes in the homogenizer. Eventually, the deposited BiOI on FTO substrates 

were heated at a different temperature, i.e 100 oC; 200 oC; 300 oC; 450 oC; and 550 oC for 1 h. 

The film thickness was around 1.5 μm. 

All of the resulted films were utilized as photoanode. The Pt-coated glass was used as the 

counter electrode and I-/I3
- redox (Solaronix Iodolyte AN-50) was for the electrolyte liquid media. 

The samples were test with a solar simulator (100 mW/cm2, AM 1.5 illumination) in the air with 

the area 0.16 cm2. Further characterization was carried out by using X-Ray diffraction (XRD, 

Rigaku SmartLab), Raman Spectrometer (Raman, JASCO NRS-2100), UV-Visible NIR 

Spectroscopy (UV-Vis NIR Spectrophotometer, JASCO 670 UV), and Field Emission Scanning 

Electron Microscope (FESEM, JEOL JSM-7001F).  
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5.3. Structural and morphological analysis 

5.3.1. XRD analysis 

XRD patterns of BiOI and its family are showed in Figure 5.1. The different XRD patterns 

are obviously seen in Fig. 5.1. The treatment at 100 oC displays the BiOI character which is in 

line to the JCPDS card of BiOI no. 00-73-2062. The crystal planes (001); (002); (102); (110); 

(013); (004); (200); (114); and (122) are located at 2θ around 9.6o; 19.3o; 29.8o; 31.86o; 36.8o; 

39.2o; 45.8o; 51.2o; and 55o. The similar pattern of annealed BiOI at 200 and 300 oC to the treated 

sample at 100 oC is also observed although the treated sample at 300 oC may be not BiOI since a 

heating treatment allowed the oxygen and iodine addition and subtraction. It may be Bi7O9I3. The 

annealing treatment can lead to the distortion of BiOI structure due to the more bismuth and 

oxygen contained in the BiOI lattice crystal [29]. Some researchers noticed that it is difficult to 

distinguish between BiOI and Bi7O9I3 because both materials have similar pattern and 

composition in their XRD patterns [26]. The annealed material at 300 oC is also not Bi4O5I2 [28]. 

The similar binding energy in the Bi and I region of BiOI and Bi7O9I3 [32] makes those materials 

are difficult to differentiate by their XPS spectra. However, it is found that d-spacing value 

(0.280 nm)  of this BiOI is matched to the reported work by Ren and co-workers [33], and the 

value for d-spacing of the treated sample at 300 oC  (0.285 nm) is near from the TEM d-spacing 

material for Bi7O9I3 (0.286 nm) [34].  

The average crystal size value of annealed BiOI at 100, 200, and 300 oC also was calculated 

using the Debye-Scherrer equation, L = Kλ/βCosθ, which represent to the crystallite size (L); 

constant (K, 0.9); wavelength of Cu (λ, 0.154 nm), full width at half maximum, FWHM (β, in 

radian); and Bragg angle (θ). The calculated average crystallite size was 29.97 nm; 33.06 nm; 
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27.42 for the annealed materials at 100, 200, and 300 oC. Therefore, it is noticed that the heating 

process had an impact on crystal size distribution [35]. 

XRD patterns of the annealed BiOI at 450 and 550 oC confirm for the character of Bi5O7I and 

β-Bi2O3 crystals. Bi5O7I crystal planes were assigned to the (001); (312); (004); (204); (020); and 

(316) at 2θ around 7.7o; 28.2o; 31.09o; 33.02o; 33.4o; and 53.6o  by referring to the JCPDS card 

no. 00-40-0548. Fig. 5.1 also informs the peaks (201) and (220) at 2θ around 27.9o; and 32.6o 

correspond to the tetragonal β-Bi2O3 for the annealed sample at 550 oC. It is matched to the data 

in the JCPDS card no. 00-27-0050 and previous research [36]. Moreover, the Bi5O7I pattern is 

matched to the reported research [37]. The proposed reaction for BiOI reaction with oxygen is 

shown in the Eq. 5.1-5.3. 

7BiOI + O2         Bi7O9I3 + 2I2      (5.1) 

5Bi7O9I3 + 2O2    7Bi5O7I + 4I2      (5.2) 

4Bi5O7I + O2      10Bi2O3 + 2I2      (5.3) 

 

Figure 5.1. XRD pattern of annealed BiOI at several temperatures: 100; 200; 300; 450; and 550 

oC. 
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5.3.2. Raman analysis 

Fig. 5.2 shows the results of Raman analysis. The vibration peak of Bi-I is notated to the Eg 

stretching which appears in 147-149 cm-1 [38,39]. This information is confirmed from the 

annealed BiOI at 100 and 300 oC. After the samples were annealed at a higher temperature, the 

Eg mode of Bi-I could shift to the higher frequency, like for Bi4O5I2 and Bi5O7I characters. It is 

also same as the reported work by Liu and co-worker [40]. Annealing treatment of BiOI at 550 

oC resulted in the peak signals around 280-350 cm-1 and 445-485 cm-1 which closed to the 

character of β-Bi2O3 [41].  

 

Figure 5.2. Raman spectra of annealed BiOI at a different temperature: 100; 300; 450; and 550 

oC. 

5.4. Morphology analysis 

Figure 5.3 depicts the SEM images of some annealed BiOI. It is obviously seen that there is 

no significant difference in the shape of annealed BiOI at 100 and 300 oC in Fig. 5.3A and 5.3B. 

Here, the obtained sheet-like material may be influenced by the condition during the synthesis 

process. BiOI growth can be affected by the acidity of solution which has an impact on the 

different facet of BiOI. The BiOI (001) facet growth can be caused by the less amount of water 

added to the precursor solution [42,43]. 
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Next, in Fig. 5.3C, it can be seen that the material is composed by irregular nanosheet with 

some pores appeared in the surface. This image is nearly same as the synthesized Bi5O7I by 

Yang and co-workers [30]. The annealed sample at 550 oC shows the biggest material like a 

dumbbell. The same morphology of this dumbbell- like material is also reported for β-Bi2O3 [36]. 

The annealing treatment may allow the shrinkage process in the materials due to the deiodination 

and oxygen incorporation like in the copper nitride material [44]. 

  

  

Figure 5.3. SEM images of annealed BiOI at a different temperature: 100 (A); 300 (B); 450 (C); 

550 oC (D), and the higher magnification image of the annealed sample at 100 (E) and 300 oC 

(F). 

A B           

D C 
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5.5. Optical study 

Fig. 5.4A shows the absorbance spectra of annealed BiOI materials from 100 to 550 oC. The 

absorbance was calculated from the equation: A = 1– (T + R)  [45]. It was noticed that the 

annealing treatment caused the blue-shift in its absorption behavior. The bandgap energy of 

bismuth-based materials can be calculated by the Tauc plot equation [46]. The indirect bandgap 

calculation for annealed BiOI is displayed in Figure 5.4B which shows the calculated bandgap 

energy of annealed BiOI at 100, 200, 300, 450, and 550 oC as BiOI, BiOI, Bi7O9I3, Bi5O7I, and 

Bi2O3 are 1.76; 1.77; 1.84; 2.18; 2.11. The data are in line with the calculated BiOI from the 

previous reports [26,47]. The bandgap energy of Bi5O7I was slightly higher than Bi2O3 [48], and 

for β-Bi2O3, which was 2.15 eV [49]. While the deiodination results in the blue-shift absorption, 

in contrary, the oxygen-deficient in the BiOI structure may cause a redshift response for its 

absorption behavior [50]. 

 

Figure 5.4. Absorbance spectra (A) and Tauc plot (B) of annealed BiOI at different temperature. 

5.6. Photovoltaic test 

Fig. 5.5A illustrates the prepared photovoltaic cells contained BiOI and its family in this 

work and Fig. 5.6A shows the resulted I-V tests. A short-circuit current (Jsc) and open-circuit 

voltage (Voc) trend on the annealing temperature of BiOI is displayed in Fig. 5.6B. The increase 

A B 
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in the temperature up to 300 oC can result in the increasing of Jsc and Voc which is shown in the 

Fig. 5.6B. The wider light absorption may be responsible to reach the better Jsc which is 

influenced the light-harvesting ability [51]. Grain size, internal resistance, film quality, charge 

transfer model, and electron mobility may also have an impact on the Jsc. 

 

Figure 5.5. Device structure (A) and band structure illustration of annealed BiOI in the different 

temperature (B). 

The annealed material at 300 oC shows the best performance in comparison to the other 

annealed materials with the Jsc 0.438 mA/cm2. Sample at 300 oC may have the bigger surface 

area for better contact with liquid electrolyte material. This phenomenon is likely to happen in 

the TiO2 porous-based solar cell. However, unfortunately, all of the Jsc values in this report were 

lower than the reported BiOI solar cell [52]. It may be caused by the bulky structure, different 

thickness, and different properties of material. Nevertheless, it is interesting to note that Bi7O9I3 

had better the photovoltaic activity in comparison to its parent BiOI which is similar to the 

photocatalytic behavior of Bi7O9I3 [1,26,29]. It is expected that if a better quality of BiOI and its 

family are used, the cell performance may become higher than these results. Also, it can be 

suggested to apply the bismuth oxyiodides and its derivations, like Bi7O9I3 for the absorber with 

the suitable hole and electron transport layer like in the reported device structure [11]. 
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Figure 5.6. I-V curve of annealed BiOI at different temperature (A), and short-circuit current 

and open-circuit voltage trend as the function of temperature (B). 

5.7. Conclusions 

The annealing treatment in BiOI had the effect on the structural, morphological, and optical 

properties. Therefore, they have the different character for their photovoltaic cell performance. 

The annealed BiOI at 300, 450, and 550 oC caused the conversion of BiOI to Bi7O9I3, Bi5O7I, 

and β-Bi2O3. Heated material at 300 oC as Bi7O9I3 reached the best photovoltaic cell performance 

in comparison to other materials. The resulted photovoltaic trend for BiOI derivation, especially 

for Bi7O9I3 is in line with its performance for photocatalytic reaction. Therefore, it can be 

suggested to apply Bi7O9I3 as the absorber for photovoltaic device which uses the suitable hole 

and electron transport layer.  
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CHAPTER 6 

TiO2/Bi5O7I COMPOSITE FILMS FOR PHOTOVOLTAIC DEVICE 

 

 Introduction 6.1. 

The consumption of fossil fuels for fulfilling the global energy demand has led to many 

environmental problems. Since the electricity generation through solar cell based on the DSSC 

has been established [1], the research on the photovoltaic devices development is still being an 

interesting topic to date. Solar cell is considered to be a promising source to generate electricity 

because it is environmentally benign and it utilizes the materials which are abundant on earth. 

Moreover, it is important to note that solar power is renewable resources of energy, not like 

fossil fuels which is non-renewable energy resources.  

In order to get the better performance of photovoltaic devices through DSSC, there are many 

works have been reported which have focused on the photoanode modification since it is 

considered being the major component in DSSC. Photoanode should have good transparency and 

good visible light absorption ability to maximize its performance. Regarding it, some efforts 

have been attempted. The films deposition technique modified with post-annealing treatment on 

the DSSC photoanode showed the improvement on the performance of TiO2 and ZnO-based 

DSSC compared with unmodified photoanode [2–5]. Other works, the doping treatment in TiO2 

photoanode and TiO2–organic material composite application for DSSC have been aimed for 

electrical transport properties modification which could achieved the better performance than 

undoped material and non-composite films [6,7]. 

Structural and composition modification of semiconductors also have affected the 

semiconductors’ performance. By utilizing the dopant in the semiconductor materials, the 
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catalytic activity of semiconductor materials improved owing to the doping process. TiO2 can be 

doped easily with several elements, such as copper [8], nitrogen [9], chromium [10], iron [11], 

and carbon [12]. Due to the structural modification by dopant insertion, the band gap energy of 

doped material changes and it can be one of factors to increase  the open-circuit voltage [8]. By 

involving other oxide compounds like Nb2O5, the photoanode of DSSC can be constructed from 

composite material which causes the improvement on the solar cell performances as the 

consequence of the changing in its electron transport. Furthermore, the increasing in the dye 

adsorption ability related to the increase in the light harvesting which resulted in the better 

performance of DSSC [13]. 

Bi5O7I is one of the bismuth oxyiodides (BiOI) family which can be synthesized directly by 

oxidation of BiOI through calcination [14] and the pH adjustment in the synthesis process from 

its precursors [15]. Bi5O7I has exhibited the great work as photocatalyts [16–18]. This material 

could perform an excellent work on the photodegradation of organic pollutants under radiation of 

visible light for more than 400 nm [16]. Furthermore, Bi5O7I could be composited with other 

materials to improve its performance on photocatalytic reaction [19,20]. Due to the fact that 

Bi5O7I semiconductor has good performance in photocatalytic reaction, it may be worth to 

combine Bi5O7I and TiO2 as the photoanode in DSSC. Here, the comparison between composite 

TiO2/Bi5O7I for DSSC under the dye loading and without dye usage will be discussed. 

Through this work, the DSSC made from the composite Bi5O7I/TiO2 can be studied. The 

effect of Bi5O7I addition to the TiO2 semiconductor for DSSC application with N719 dye and 

without using the dye also has been screened. To date, there is no study on the Bi5O7I as the 

component for photovoltaic devices. By this result it can be pointed that the bismuth-based 

material has a chance to be optimized for the future photovoltaic device. It has been known that 
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by using Bi5O7I/TiO2 composite materials, the open-circuit voltage of DSSC increased slightly 

along with the improvement of Bi5O7I proportion. Furthermore, by involving ratio 1:4 in 

Bi5O7I:TiO2 as the photoanode in DSSC, it achieved the best efficiency up to 1.9% in 

comparison to the TiO2-based device. It is also interesting to note that the Bi5O7I devices showed 

the better performance than Bi2O3-based material for photoelectrochemical application [21–23]. 

6.2. Synthesis and fabrication of BiOI films 

BiOI powder was prepared by the grinding of Bi(NO3)3.5H2O and KI for 15 minutes. The 

black mixed-solid precursor as a result of the mixing process then was hydro lyzed in water 

solvent for 5 h through stirring treatment at room temperature. The orange solid BiOI as the 

product in this process was washed in ethanol and deionized water for several times. To obtain 

the composite materials, different ratio of BiOI and TiO2 in ethanol was prepared to result in the 

BiOI:TiO2 ratio at 0:1; 1:16; 1:8; 1:4; 1:2; and 1:0. Each sample was dispersed vigorously using 

a homogenizer (Sonic VCX-130) for 15 minutes. After the paste of BiOI:TiO2 was obtained, the 

slip casting method was utilized to prepare the film onto cleaned FTO glass substrates. The 

obtained films were annealed at 450 oC for 1h to get Bi5O7I/TiO2 composites with ratio 

Bi5O7I:TiO2 0:1; 1:16; 1:8; 1:4; 1:2; and 1:0. The thickness of each film was ~6 μm which was 

measured via cross-sectional SEM image of samples. The heating treatment at 450 oC allows the 

transformation from BiOI to Bi5O7I. Finally, Bi5O7I/TiO2 composite films could be obtained.  

X-Ray Diffraction (XRD, RINT-2100 diffractometer) and Raman Spectrometer (JASCO 

NRS-2100) have been utilized to study the structural characters of prepared films. The XRD 

measurement involved the Cu target with Cu Kα radiation at 1.5408 Ȧ and it has the X-ray tube 

voltage and current at 40 kV and 30 mA, respectively. The morphology of films was observed by 

FESEM JEOL JSM-7100F and the optical properties were studied by UV-Visible 
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spectrophotometer (JASCO 670 UV). Last, the solar cell performance was studied by I-V 

characteristics measurement using solar cell simulator under white light illumination of standard 

radiation (AM 1.5G, 100 mW/cm2). 

During the work, the photovoltaic devices were prepared adapting from dye-sensitized solar 

cell (DSSC) model as the structure: FTO-Bi5O7I/TiO2 as photoanode and Pt-FTO/glass covered 

with polymer film (Himilan, 50 μm) as counter electrode. I-/I3
- solution (Iodolyte AN 50, 

Solaronix) was used as electrolyte in the experiment. The photoanode was soaked into ethanolic 

solution of 0.5 mM N719 dye (Ruthenium-525 bis TBA, Solaronix) for 18 h. Before testing the 

solar cell performance, the photoanode was cleaned with methanol and dried in N 2 flow. 0.16 

cm2 of active area was designed to measure the I-V character of each film. The TiO2/Bi5O7I 

composite cells were applied for DSSC and the cell without using the dye. 

6.3. Structural analysis 

To study the structural property of prepared films, XRD patterns of Bi5O7I/TiO2 composite 

films are displayed in Figure 6.1. After annealing treatment at 450 oC for each film, the character 

of Bi5O7I and TiO2 can be observed in the film composite. Based on the JCPDS card no. 00-40-

0548, some peaks which represent for Bi5O7I are found, like (312) and (004) crystal planes at 2θ 

around 28.2o and 31.2o, respectively. Peak (101) for TiO2 anatase also arises in 2θ around 25.4o 

which is in line to the literature [24]. Due to the different ratio, the peak intensity of each 

diffractogram in Figure 6.1 is different. 

The XRD patterns were depicted from the mixing between TiO2 and Bi5O7I by the different 

ratio of Bi5O7I:TiO2, namely 1:8; 1:4; and 1:2. The more amount of material can show the higher 

intensity in their XRD patterns. For example, the more concentration of Bi5O7I in the film can be 

reflected by the higher peak of this material character in the diffractogram as shown in Fig. 6.1. 
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The crystal grain of Bi5O7I can be calculated using the Debye-Scherrer in Eq. 2.2 which obtained 

31.25 nm as the average value of Bi5O7I crystal size in pure Bi5O7I. 

 

Fig. 6.1 XRD patterns of TiO2/Bi5O7I composite in the different ratio of Bi5O7I:TiO2. 

Raman spectra in Figure 6.2 show that Bi5O7I peak in the composited film is covered with 

TiO2 peak because the peaks of those materials are closer. It is difficult to give an exact label to 

the assigned Bi5O7I peak since it showed an overlapping peak. Bi-I vibration mode appears in 

Raman shift near from 150 cm-1, while TiO2 also has a peak character near from 140 cm-1 of 

Raman shift. However, it is observed that TiO2 peak in the composited material has the wider 

peak in comparison to the pure TiO2. Hence, it can be assumed that the bismuth incorporation 

might happen into TiO2 crystal structure to form titanium oxide and bismuth species like in the –

Ti-O-Fe-Ti-O- in the Fe2O3/TiO2 composites [25]. Then, the Bi-I and Bi-O bond characters are 

difficult to observe in the Raman spectra. This is also similar to the circumstance at the reported 

works for TiO2 composite with iron and copper compounds [25,26]. 
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Fig. 6.2 Raman spectra of TiO2/Bi5O7I composite in the different ratio of Bi5O7I:TiO2. 

The Raman patterns confirm the anatase TiO2 and Bi5O7I films which are similar to the 

previous reports [16,27]. Besides the peak appears in the wavenumber around 150 cm-1, it can 

also be observed the peak of Bi5O7I near from 180 cm-1 and 300 cm-1 in Raman spectra. It may 

come from the contribution of Bi-O bond based on the information that Bi-O stretches in oxide 

bismuth materials can be found below 600 cm-1 [28]. The Bi5O7I spectra is also in line to those 

Raman patterns in the Jiang and co-workers’ and Liang and co-workers’ works [29,30]. It is 

obviously seen that Raman spectra of pure Bi5O7I is different from the composite Bi5O7I/TiO2 

since it does not contain TiO2. The conversion of BiOI as an initial material in this work to 

Bi5O7I may be caused by the heating treatment together with TiO2 which can take place due to 

the oxidation reaction. The reaction occurred as it is shown in the equation 6.1 and 6.2. 

7BiOI + O2         Bi7O9I3 + 2I2     (6.1) 

5Bi7O9I3 + 2O2    7Bi5O7I + 4I2     (6.2) 

Heating treatment allows the oxygen addition to BiOI and deiodination in order to produce 

bismuth and oxygen-rich material with iodine deficient. Hence, the vibrational modes of Bi-I 
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shifts from the original position in BiOI (147 cm-1) [31] to the higher frequency which is more 

than 150 cm-1. This character is similar to the reported work [18].  

6.4. Morphology analysis 

Figure 6.3 displays SEM analysis images of the composite films in the different ratio of 

Bi5O7I and TiO2. There is no change in the morphology of TiO2 and Bi5O7I among the prepared 

samples. TiO2 has the particulate morphology and Bi5O7I has the sheet shape both in the 

composited and pure materials. However, the more percentage Bi5O7I contained in the sample is 

proven by the more quantity of Bi5O7I in the SEM images. In this work, Bi5O7I in Fig. 6.3C has 

the sheet- like material which is bigger than porous TiO2 P25. Normally the bismuth-based 

material has the morphology which based on the 2D structures, like flake or sheet shape. 

Moreover, in the higher magnification image of composite Bi5O7I/TiO2 (Figure 6.3D), it is 

clearly viewed that the Bi5O7I with 76 nm-thick thickness of sheet tends to have the pores in its 

surface like circles with almost same size. 

The appeared pores in the surface of bismuth-based material may be a common effect in the 

calcination treatment of BiOI at temperature for more than 450 oC. The circumstance of Bi5O7I is 

also similar to the previous report of Bi5O7I nanosheet [16]. The high temperature in calcination 

allows the oxygen insertion and iodine lost from the BiOI structure. Then, the space of iodine as 

the counter anion in this material may convert into pores. This illustration may be same as the 

nanopores conversion which is occurred in the cobalt materials due to the dehydration [32]. 
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Fig. 6.3 SEM images of TiO2/Bi5O7I composite in the different ratio of Bi5O7I:TiO2 1:8 (A); 1:4 

(B); 1:0 (C); and 1:4 sample for the higher magnification (D). 

6.5. Optical study 

To study the response of semiconductor material with light radiation due to the Bi5O7I 

addition on TiO2, the absorbance spectra of composite Bi5O7I/TiO2 is shown. Absorbance value 

was calculated from the transmittance and reflectance value of material, following the equation: 

1 = A + T + R, whereas A, T, R are absorbance, transmittance, and reflectance, respectively. In 

Fig. 6.4A, it can be clearly seen that due to the Bi5O7I composition in the composite material, 

there is a red shift in its absorbance spectra. Since pure Bi5O7I has the response in the visible 

light up to the band edge near from 480 nm, it causes the longer visible light absorption for the 

more percentage of Bi5O7I in Bi5O7I/TiO2 composite. Hence, it is interesting to note that Bi5O7I 

can give a flavor in the TiO2 composite although Bi5O7I is not a dye compound. 
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Fig. 6.4 UV/Visible absorbance spectra (A) and band gap energy plot (B) of TiO2/Bi5O7I 

composite in the different ratio of Bi5O7I:TiO2. 

Band gap energy calculation for these composites films was determined based on the Tauc 

plot calculation [33]. Mostly, band gap energy of the bismuth-based materials is determined 

based on the indirect type [16]. By the Figure 4B, it is known that band gap energy decreases 

with the increase in the amount of Bi5O7I in the samples. The different band gap energy may 

change the position of electronic bands of material which affects the performance on their 

photocatalytic and photovoltaic performances. Here, the band gap energy is shifted from 3.1 to 

2.6 eV for ratio of Bi5O7I:TiO2 from 0:1 to 1:0.  

6.6. Photovoltaic study 

First, study in the photovoltaic behavior for TiO2/Bi5O7I films was carried out without using 

N719 dye which the illustration of device is shown in the Fig. 6.5 and its I-V test result is 

displayed in Fig. 6.6. By this result, it is noticed that the Bi5O7I usage has an effect on its 

photovoltaic performance. As the amount of this material increases, the ability in light harvesting 

also increases. Therefore, its Jsc will be higher as the impact of the higher visible light 

absorption. Comparing to the pure TiO2 film in Bi5O7I:TiO2 0:1, the only Bi5O7I photoanode 

exhibits the highest photovoltaic parameter due to its highest Jsc. In addition, the bigger size of 
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Bi5O7I may have the light scattering effect to maximize its Jsc. Therefore, the PCE has doubled 

for the Bi5O7I device.  

 

Figure 6.5 The illustration of photovoltaic device structure (without dye) for TiO2 (A) and 

TiO2/Bi5O7I (B). 

The resulted composite material shows the quality improvement for photovoltaic device 

application as it indicated the slight increment in the open-circuit voltage value and a gradual 

increase of the short-circuit current. 

   

Figure 6.6 I-V curve (A) and Jsc and Voc graph (B) of TiO2/Bi5O7I photovoltaic devices 

(without dye) in the different ratio of Bi5O7I:TiO2. 

Second, the IV test analysis was conducted by adapting the DSSC principle with dye 

adsorption. The device illustration is depicted in Fig. 6.7 and its I-V result is shown in Fig. 6.8. It 

can be seen that by using the composite materials contained Bi5O7I with dye, it can result in the 

increase in short-circuit current (Jsc) and open-circuit voltage (Voc) values up to 7.286 mA/cm2 

A B 
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and 0.624 V. The cell performance of composited material is higher than its single material for 

photoanode which up to 1.9%. From the TiO2-based material, it only reaches for 1.1% of 

efficiency and after Bi5O7I was added to the composite material, the efficiency increased up to 

60% for Bi5O7I:TiO2 with ratio 1:4. 

 

Figure 6.7 Illustration of DSSC device structure for TiO2/Bi5O7I composite. 

The Jsc increment is caused by the higher ability of composited material in light harvesting 

compared to TiO2 only. Composited materials can have the longer absorption in visible spectral 

range [34]. The larger particles with smaller surface area also have the advantages on DSSC 

since those materials cause the scattering effect. This effect can enhance the photovoltaic 

performance. The scattering effect generates a light trapping effect which can be a role major for 

electricity production via DSSC. As a consequence, their Jsc values are being higher. Bi5O7I 

seems to have this behavior and it promotes to be a promising material for collecting light in the 

composite photovoltaic device like the prepared photoanodes made from TiO2 rutile-ZrO2 and 

mixing of prepared TiO2 particles via sol-gel method and TiO2 P25 [35,36]. 

However, after higher amount of Bi5O7I addition, the Jsc tends to be lower. The bigger size 

of Bi5O7I may inhibit the dye adsorption ability in the photoanode which can reduce the light 

harvesting ability of Bi5O7I/TiO2 composite in higher percentage of Bi5O7I. Nevertheless, it is 
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found that Bi5O7I could make an interaction with the N719 dye and showed the positive IV curve 

response in its photovoltaic test. The dye loading in small amount of Bi5O7I might be better than 

in the more Bi5O7I since the more dye adsorption can increase the photons absorption in visible 

spectral range [37]. In addition, the bigger Bi5O7I may reduce the contact effectivity between the 

photoanode and I-/I3- electrolyte since a good electron penetration will improve the electron 

transfer in the photovoltaic system which impacts on the Jsc increment [38]. Other factors which 

also can influence in the Jsc value are electron mobility, grain size, film quality, internal 

resistance, and charge transfer model. The increase in the ratio of Bi5O7I in composite films can 

generate a slight increase in the Voc value. The higher ratio of Bi5O7I might result in the Rsh 

value enhancement which has impact on its open-circuit voltage. 

 

Fig. 6.8 I-V curve of TiO2/Bi5O7I composite in the different ratio of Bi5O7I:TiO2. 

The performance of TiO2/Bi5O7I cell has been compared with the TiO2/Bi2O3 cell and 

TiO2/BiOI cell in the previous reports. Due to the different band gap energy among those 

bismuth materials, with the arrangement: BiOI < Bi5O7I < Bi2O3, the short-circuit current also 

has the order list: TiO2/BiOI > TiO2/Bi5O7I > TiO2/Bi2O3 [23,39]. The light harvesting ability of 

those materials may be responsible to short-circuit current enhancement. Generally, the more 
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addition of Bi5O7I to the films also has an impact on the open-circuit voltage (Voc). The new 

electronic structure due to the combination of Bi5O7I and TiO2 may be the reason to the Voc 

changing. 

6.7. Conclusions 

In this study, the Bi5O7I/TiO2 composite films could be prepared by the annealing treatment 

of BiOI/TiO2 at 450 oC. Without using the dye, as the Bi5O7I weight percentage increased, it 

could induce the red-shifting of composite materials which extended the visible absorption 

wavelength edge. Therefore, Bi5O7I usage had the impact on its photovoltaic properties and it 

achieved the better performance than the only TiO2 film. By increasing the amount of Bi5O7I in 

DSSC, it can be clearly observed that the Jsc increased resulted in the higher PCE value. A ratio 

1:4 for Bi5O7I:TiO2 had the best efficiency among the DSSC devices, which up to 1.9%. The 

changing in the film composition also could reveal the different Voc value which could be 

caused by the different electronic structure of semiconductor material in the photoanodes. For 

future, the Bi5O7I condition can be upgraded to pursue the higher of solar cell performance. 
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CHAPTER 7 

CONCLUSION 

 Overall conclusion 7.1. 

This thesis described the synthesis and deposition of bismuth oxyiodide (BiOI) by several 

methods onto the FTO glass substrates. Also, it showed the possibility to use other bismuth-

based materials for solar cell application. The properties of BiOI and other materials were 

discussed and the performance in the solar cells was also studied. In the general conclusion, it 

could be highlighted that the way in the synthesis of BiOI could result in the different property of 

BiOI which had the consequence on the different photovoltaic performance of BiOI. 

First, from the modified SILAR treatment, the work showed the obtained BiOI which was 

confirmed by the XRD and Raman analysis. SEM characterization showed the flaky BiOI like it 

is shown in the previous work by some researchers. Due to the different angle during the dip-

coating process in a modified SILAR, it could result in the different properties of BiOI films. 

The tilting substrate also allowed the thickening films. Therefore, the changing in the FTO 

substrate orientation could effect on the optical properties, crystallinity, size, and morphology of 

BiOI films. The thicker film of BiOI has the longer absorption in the visible spectral range. 

However the thinner film from perpendicular substrate had the best performance with the Jsc and 

Voc up to 1.47 mA/cm2 and 0.465 V in the BiOI solar cell structure. 

Second, by using the different concentration in the synthesis of BiOI, it resulted in the 

different properties of BiOI films. Precursor concentration could direct the BiOI growth which 

was shown by the increase in the solar cell performance of BiOI cell up to the concentration of 7 

mM and the performance decreased due to the prepared solutions from 8 up to 10 mM. The 

maximum Jsc was 2.2 mA/cm2. From the analysis, it can be noticed that the higher concentration 
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of Bi(NO3)3 and KI induced the growth of the bigger flaky and rod- like BiOI which reduced the 

solar cell performance due to the overdeposition of BiOI in the higher concentration.  

Another way has been developed for the first time to prepare BiOI films, namely spin-SILAR. 

This method can be proposed to be developed for synthesis BiOI in the future as it consumes the 

lesser time than the conventional SILAR. The less remained waste also can be a beneficial thing 

through this method. Spin-SILAR is able to result in the BiOI which was confirmed by XRD and 

Raman analysis. The good quality of BiOI film also could be obtained by spin-coating process 

although the washing step was eliminated. To sum up, the SILAR process assisted with the spin-

coating can be an alternative way to produce BiOI films, whereas the number of reaction cycle in 

SILAR is also being an important parameter for controlling the properties of BiOI. However, the 

resulted performance was not higher as the previous work. It only achieved the best solar cell 

parameter of 612 μA/cm2; 0.446 V; and 0.103 % for its Jsc, Voc, and PCE, respectively.  

Next, BiOI films could be prepared by deposition of BiOI powder via doctor blade method. 

However, the morphology of resulted BiOI was totally different from the previous resulted BiOI 

by a modified SILAR. The sheet- like materials have just existed instead of the flaky materials 

although its crystal pattern was in line with the JCPDS data of BiOI and previous research by 

some researchers. Annealing treatment on this BiOI also has the effect on the chemical and 

physical properties, also its photovoltaic activity. It could result in the oxygen-abundant and 

iodine-deficient bismuth materials from the parent BiOI. The structure, morphology, and its 

optical properties of BiOI films were changed. Due to the annealing at 300, 450, and 550 oC, it 

allowed the transformation from BiOI to Bi7O9I3, Bi5O7I, and β-Bi2O3. The heated material at 

300 oC might be Bi7O9I3 which had the best photovoltaic cell performance in comparison to 

other materials. 
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Besides BiOI, the derivation of this bismuth oxyhalide material like Bi5O7I could be applied 

as the composite material in the Bi5O7I/TiO2 composite films. Since from the previous work it 

could be noticed that the annealing could convert the BiOI to the different ratio of Bi:O:I 

materials, Bi5O7I/TiO2 can be prepared by annealing of BiOI/TiO2 films at 450 oC. These 

materials could be utilized as the photoanode in DSSC. A ratio 1:4 for Bi5O7I:TiO2 reached the 

best efficiency among the DSSC photovoltaic devices, which up to 1.9% and 0.083% for 100% 

for Bi5O7I without using the dye. 

7.2. Suggestion for the future work 

BiOI is the promising semiconductor for photocatalysis and photovoltaic application. 

However, the solar cell performance in this work is low. Therefore, it needs an improvement for 

the BiOI solar cell performance. The prepared BiOI films with the thin layer and having the good 

performance in the visible spectral range are needed. The synthesis of BiOI directly from the 

solid raw material may be attempted to obtain the thin BiOI films which have the broader 

absorption in the visible spectral range and controllable morphology. 

Second, finding the materials which have the longer absorption in the visible light and 

mixing it with the BiOI may result in the longer visible absorption. If the longer absorption of 

BiOI material can be obtained, the solar cell performance may be better. Moreover, the choosing 

of appropriate electrode is also important in this research field. Suitable hole and electron 

transport layer can be attempted also to construct the BiOI solar cell in order to get the better 

performance in the BiOI photovoltaic device. Moreover, the optimization of synthesized BiOI by 

spin-SILAR can be an effort to get the better properties of denser BiOI for photovoltaic 

application. Last, studying more for the defect property of BiOI also can be proposed to gain the  

better understanding in the BiOI application for solar cell. 
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