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1.  Introduction  
Since the introduction of  organic-inorganic Dye-sensitized solar cells 
(DSSCs) by O’Regan and Grätzel, 1991, DSSCs took substantial attention 
from researchers. The reason behind the interest in such kind of  DSSC is due 
to its remarkable photovoltaic performance, lower production cost, and less 
environmental impact (Li & Zhang, 2009). A typical DSSC is composed of  a 
wide bandgap semiconductor film, usually prepared by mesoporous TiO2 or 
ZnO nanoparticles having a thickness of  10 to 16 μm for glass 
substrate-based DSSC (Choudhury, Kishi, & Soga, 2015a,b) and about 6 to 9 
μm for flexible DSSC (Fan, Li, Zhou, Miao, Zhang, Hu, & Shao, 2014). 
These semiconductor films are soaked into a colorful dye solution aimed to 
yield high light absorption in the range of  400 to 800 nm (Tammy, Qifeng, & 

Guozhong, 2007). Other essential components include a liquid electrolyte 
containing the iodide/triiodide (I-/I3-) redox couple which supplies electrons 
to the photoelectrode as well as receives electrons from the counter 
electrode. Electrons are excited by the incident photon and promoted to the 
conduction band of  the metal oxide semiconductor which diffuses through 
the film and moves toward the counter electrode through the external circuit 
and reduces the triiodide of  the electrolyte. The dye receives electrons from 
the iodide, thereby closing the cycle of  photovoltaic conversion.  

Numerous investigations were done by various researchers to improve 
the cell performance and the overall power conversion efficiency of  
TiO2-based cells reached 14% (Babar, et al., 2020; Lee, Li, & Ho, 2017). Still, 
the overall power conversion efficiency and stability are lower than the 
conventional Silicon-based inorganic solar cells. Therefore, more 
investigations are required for such kinds of  solar cells. Photoelectrode 
preparation is one of  the most significant tasks to get highly efficient and 
stable TiO2-based DSSC. Several photoelectrode preparation methods 
(Lindström, Holmberg, Magnusson, Lindquist, Malmqvist, & Hagfeldt, 2001; 
Choudhury, Kishi, & Soga, 2015b) along with doping (Abuelwafa, 
Choudhury, Dongol, El-Nahass, & Soga, 2018; Choudhury, Kishi, Kato, & 
Soga, 2017 and various post-deposition treatments (Choudhury, Kishi, & 
Soga, 2016a,b,c) has been performed to get suitable photoelectrode surface 
as well as improved photoconversion efficiency. Besides, the design and 
production of  photoelectrode (Rahman, Islam, Alam, Uddin, Soga, & 
Choudhury, 2022), choice of  proper liquid dye, a mechanism for maximum 
dye loading with higher light scattering, better charge transportability, and 
reduced recombination are the leading challenges in this field of  research. 
The most common choice for photoelectrode materials are TiO2, ZnO, 
Nb2O5, SnO2 (Etxebarria, Ajuria, & Pacios, 2015; Qiu, Ono, & Qi, 2018; 
Iwata, Shibakawa, Imawaka, & Yoshino, 2018) porous nanoparticles. 
Researchers have focused on preparing a homogenous compact layer 
photoelectrode with suitable doping and with various postdeposition 
treatments to improve the overall power conversion efficiency and stability. 
The most common postdeposition treatments include annealing 
(Choudhury, Kishi, & Soga, 2015b, application of  mechanical compression 
(Meen, Tsai, Tu, Wu, Hsu, & Chang, 2014; Choudhury, Kishi, & Soga, 
2016a), and hot compression (Choudhury, Kishi, & Soga, 2016b) which 
shows improvement in the performance of  the cells as reported by the 
researchers.  

The primary focus of  the researchers was on the photovoltaic device 
structure and material properties to enhance the power conversion efficiency 

rather than considering the stability. After achieving a moderate level of  
power conversion efficiency researchers are now focusing on the stability of  
such solar cells.  The main principle of  increasing the efficiency of  DSSC is 
based on enhancing the incident photon and effective interaction with the 
nanoporous metal oxide electrode. Here, colorful monolayer dye molecules 
are used for enhancing the light scattering phenomenon. Thus, an effective 
method of  photoelectrode fabrication is preferable which will increase the 
light scattering in the photoanode structure (De Marco, et al., 2010), also 
ensure effective interaction between the incident photon and dye molecules. 
The Preparation of  metal oxide with a suitable structure is the prime task for 
such kinds of  solar cells. Several methods reported by the researchers to 
prepare described properties in the use of  one-dimensional metal oxides 
such as nanorods (De Marco, et al., 2010), nanowires (Tan, & Wu, 2006), 
nanotubes (Luo, Gao, Sun, & Liu, 2012; Sun, Qadir, & Jeong, 2014) 
nanofibers (Lin, Lin, Lee, & Chen-Yang, 2013), and nanospindles (Wu, Zhu, 
Li, Dong, Li, Jiang, & Xu, 2012). Later on, hybrid layers of  1D, 2D, and 3D 
nanostructures were synthesized by the researchers which offer enhanced 
surface area as well as higher dye loading. For fabricating an efficient solar cell 
two vital factors such as a high diffusion coefficient and low recombination 
have a significant role. Increased thickness ensures greater dye loading and 
higher surface area for light absorption. Therefore, attempts were taken to 
increase the thickness to improve the photovoltaic performance. On the 
contrary, higher thickness causes a reduced diffusion coefficient and a higher 
rate of  recombination which in turn causes the reduction of  power 
conversion efficiency. For that reason, a suitable choice of  dye as well as 
proper procedure of  dye loading, size of  the metal oxide, and optimum 
photoelectrode layer thickness are the curtail factors for the performance of  
DSSC. Dye loading is a very essential factor for the efficient light harvesting 
of  a DSSC. A monolayer uniform dye loading is preferable to get better cell 
performance. Indeed, the formation of  multilayer dye alone with a poor dye 
distribution severely hinders the electron transfer process.  Multilayer dye 
causes agglomeration which in turn increases the charge transfer resistance, 
reduces the effective electron injection process, and favors undesirable 
recombination of  electrons (Rajab, F. M., 2016). To achieve higher cell 
efficiency, we need to ensure higher surface area by enhancing the metal 
oxide thickness as well as to maintain higher diffusion length and lower 
recombination. In summary, metal oxide film thickness greater than an 
optimum value leads to reduce electron diffusion lengths and increases 
electron recombination. Effect of  N3 dye concentration and N3 dye loading 
time for both TiO2 and ZnO-based DSSC has been investigated where the 

efficiency varied from 0.29 to 2.89% (Tammy, Qifeng, & Guozhong, 2007). 
They also reported the effect of  dye concentration as an effect of  
photoelectrode immersion time at maximum power conversion efficiency. 
Effect of  dye loading time (3, 6 and 9 hour) for two specific dyes named 
N719 and N749 for TiO2-based DSSC was reported by a group of  
researchers where the optimized thickness was reported about 9 µm (Rajib, F. 
M., 2016). The highest power conversion efficiency was found at 9-hour dye 
loading time for both of  the dyes. However, they could not report the 
optimized time for dye loading as they did not investigate the performance 
of  the cells where the electrodes loaded in a dye for more than 9 hours. In 
another report, effect of  dye loading time (various types of  turmeric dye) for 
TiO2-based DSSC has been reported where the obtained power conversion 
efficiency varied from 0.15 to 0.34% (Hossain, et al., 2017). N179 dye has 
been used for various dye loading time (1 to 24 h) for ZnO-based DSSC 
where the number of  depositing layers were varied (Magiswaran, et al., 2022). 
As per their report the maximum power conversion efficiency was found 
about 2.77% for 3 hours of  dye loading time where the number of  
depositing layer was three. Considering the above-mentioned facts, a detailed 
investigation of  the thickness optimization as well as the optimization of  the 
dye loading time is an essential requirement to improve the performance of  
the cell. As per the previous investigations, thickness optimization and the 
effect of  dye loading time have been observed in a separate investigation. In 
this investigation, we will show the effect of  dye loading time on the DSSC 
performance at various photoelectrode thickness which has not been 
investigated earlier. The prime goal is to observe the optimized conditions of  
photovoltaic parameters in terms of  dye loading time and photoelectrode 
thickness. 

2. Experimental 
2.1 Photoelectrode preparation

Figure 1 
Blade coating arrangement

Photelectrodes were prepared using the conventional Blade coating 
technique. The Blade coating paste was prepared using P25 type TiO2 
precursor in ethanol solvent. Blade coating past is prepared using 3 gm P25 
nanoparticle in 6 ml ethanol solution. The solution was dispersed using an 
electronic homogenizer at 60% amplitude, and one-fourth pulse rate for 5 
min. After the dispersion, the prepared paste was used for preparing the 
photoelectrode using the Blade coating technique. Along with the paste 
preparation, the fluorine-doped tin oxide (FTO) coated glass substrates were 
cleaned in an ultrasonic bath inside methanol solution two times and for 
acetone solution one time. An ultrasonic bath was used for 15 min for this 
cleaning purpose. Each of  the conductive glasses (2×2 cm2) was then dried 
by flowing nitrogen gas. After the nitrogen cleaning process, all the substrates 
were further cleaned by ozone (O3) cleaning. After the cleaning process is 
over, the prepared paste is used to prepare the photoelectrode layer using the 
Blade coating technique. The blade coating arrangement is shown in Fig. 1. 
Three conductive FTO glass substrates were placed onto the Blade coating 
board which was fixed with the polyamide tape. Polyamide tape maintains the 
layer thickness to some extent. The thickness controller screw is adjusted 
properly to get the desired thickness. Before the coating, the paste is poured 
onto the FTO substrate’s front side. Soon after that, the Blade coater is 
moved from front to back one time and from back to front another time to 
complete a single cycle. In this way, the first layer of  metal oxide is prepared. 
After that, the coated layer is dried for a few minutes and the same process is 
repeated a second time. The prepared photoelectrodes are kept for dye 
loading. 

2.2 Dye loading
For preparing the dye solution of  0.5 mM concentration, a 100 ml beaker is 
subsequently cleaned using methanol and ethanol in an ultrasonic bath.  
0.0531 gm of  ruthenium dye N719 is mixed with 90 ml ethanol solution and 
primarily mixed by gentle shaking. For complete dispersion, the solution is 
transferred to a glass bottle whose cover is sealed with paraffin tape and is 
kept in an ultrasonic bath at 45 Hz for 30 min inside the yellow room. In this 
way, the dye solution is ready for the experiment. Now, the prepared 
photoelectrodes emerged into the dye with the help of  a substrate casing. For 
this investigation, the dye loading time was varied for 14, 18, 22, 30, 35, and 
43 hours. During the dye loading, all the substrates inside the dye solution are 
kept in dark. After the estimated time is over, the photoelectrodes were taken 
out from the emerging dye and inserted into the methanol solution with 
gentle shaking to remove the extra dye or unwanted particles. In this way, the 

photoelectrodes were prepared for cell fabrication.   

2.3 Cell fabrication and characterization 
The Pt-coated glass was used as the counter electrode of  the cell. A 50 µm 
thick Polymer film was attached to the counter electrode having a space in 
the middle which provides space as well as encapsulates the electrolyte. The 
liquid electrolyte iodide/triiodide redox (Iodolyte AN-50, Solaronix) was 
carefully injected into that gap between the electrodes by a glass tube injector. 
Both of  the electrodes were fixed with one another using two simple paper 
clips. The active area of  the prepared photoelectrodes was about 4 cm2 
(20×20 mm2) and its thickness was in the range of  10 to 20 µm as measured 
by a surface profilometer (Alpha step 500). Soon after the cell fabrication, the 
current-voltage (I-V) parameters were measured using a solar simulator (100 
mW.cm-2, AM 1.5 illumination) in the air with a cell area of  0.16 cm2 which 
was ensured by a still mask. The photoelectrode surface morphology was 
observed by a Scanning Electron Microscopy (SEM) image which was 
operated at 15 kV of  operating voltage. 

Figure 2 
a) Pt-coated counter electrode, b) Pt-coated counter electrode with iodide/triiodide solution, c) dye-loaded metal 
oxide FTO Photoelectrode, d) complete solar cell arrangement

3.  Results and discussions:
Solar cell performance (I-V data) of  various thicknesses (5 to 30 μm) with 
various dye loading times (10 to 26 h) has been investigated. Various 
performance parameters such as short circuit current density (JSC) of  the cells 
with various thicknesses and dye loading times to find the suitable thickness 
and dye loading time for P25-based DSSC. Additionally, the SEM image has  
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1.  Introduction  
Since the introduction of  organic-inorganic Dye-sensitized solar cells 
(DSSCs) by O’Regan and Grätzel, 1991, DSSCs took substantial attention 
from researchers. The reason behind the interest in such kind of  DSSC is due 
to its remarkable photovoltaic performance, lower production cost, and less 
environmental impact (Li & Zhang, 2009). A typical DSSC is composed of  a 
wide bandgap semiconductor film, usually prepared by mesoporous TiO2 or 
ZnO nanoparticles having a thickness of  10 to 16 μm for glass 
substrate-based DSSC (Choudhury, Kishi, & Soga, 2015a,b) and about 6 to 9 
μm for flexible DSSC (Fan, Li, Zhou, Miao, Zhang, Hu, & Shao, 2014). 
These semiconductor films are soaked into a colorful dye solution aimed to 
yield high light absorption in the range of  400 to 800 nm (Tammy, Qifeng, & 

Guozhong, 2007). Other essential components include a liquid electrolyte 
containing the iodide/triiodide (I-/I3-) redox couple which supplies electrons 
to the photoelectrode as well as receives electrons from the counter 
electrode. Electrons are excited by the incident photon and promoted to the 
conduction band of  the metal oxide semiconductor which diffuses through 
the film and moves toward the counter electrode through the external circuit 
and reduces the triiodide of  the electrolyte. The dye receives electrons from 
the iodide, thereby closing the cycle of  photovoltaic conversion.  

Numerous investigations were done by various researchers to improve 
the cell performance and the overall power conversion efficiency of  
TiO2-based cells reached 14% (Babar, et al., 2020; Lee, Li, & Ho, 2017). Still, 
the overall power conversion efficiency and stability are lower than the 
conventional Silicon-based inorganic solar cells. Therefore, more 
investigations are required for such kinds of  solar cells. Photoelectrode 
preparation is one of  the most significant tasks to get highly efficient and 
stable TiO2-based DSSC. Several photoelectrode preparation methods 
(Lindström, Holmberg, Magnusson, Lindquist, Malmqvist, & Hagfeldt, 2001; 
Choudhury, Kishi, & Soga, 2015b) along with doping (Abuelwafa, 
Choudhury, Dongol, El-Nahass, & Soga, 2018; Choudhury, Kishi, Kato, & 
Soga, 2017 and various post-deposition treatments (Choudhury, Kishi, & 
Soga, 2016a,b,c) has been performed to get suitable photoelectrode surface 
as well as improved photoconversion efficiency. Besides, the design and 
production of  photoelectrode (Rahman, Islam, Alam, Uddin, Soga, & 
Choudhury, 2022), choice of  proper liquid dye, a mechanism for maximum 
dye loading with higher light scattering, better charge transportability, and 
reduced recombination are the leading challenges in this field of  research. 
The most common choice for photoelectrode materials are TiO2, ZnO, 
Nb2O5, SnO2 (Etxebarria, Ajuria, & Pacios, 2015; Qiu, Ono, & Qi, 2018; 
Iwata, Shibakawa, Imawaka, & Yoshino, 2018) porous nanoparticles. 
Researchers have focused on preparing a homogenous compact layer 
photoelectrode with suitable doping and with various postdeposition 
treatments to improve the overall power conversion efficiency and stability. 
The most common postdeposition treatments include annealing 
(Choudhury, Kishi, & Soga, 2015b, application of  mechanical compression 
(Meen, Tsai, Tu, Wu, Hsu, & Chang, 2014; Choudhury, Kishi, & Soga, 
2016a), and hot compression (Choudhury, Kishi, & Soga, 2016b) which 
shows improvement in the performance of  the cells as reported by the 
researchers.  

The primary focus of  the researchers was on the photovoltaic device 
structure and material properties to enhance the power conversion efficiency 

rather than considering the stability. After achieving a moderate level of  
power conversion efficiency researchers are now focusing on the stability of  
such solar cells.  The main principle of  increasing the efficiency of  DSSC is 
based on enhancing the incident photon and effective interaction with the 
nanoporous metal oxide electrode. Here, colorful monolayer dye molecules 
are used for enhancing the light scattering phenomenon. Thus, an effective 
method of  photoelectrode fabrication is preferable which will increase the 
light scattering in the photoanode structure (De Marco, et al., 2010), also 
ensure effective interaction between the incident photon and dye molecules. 
The Preparation of  metal oxide with a suitable structure is the prime task for 
such kinds of  solar cells. Several methods reported by the researchers to 
prepare described properties in the use of  one-dimensional metal oxides 
such as nanorods (De Marco, et al., 2010), nanowires (Tan, & Wu, 2006), 
nanotubes (Luo, Gao, Sun, & Liu, 2012; Sun, Qadir, & Jeong, 2014) 
nanofibers (Lin, Lin, Lee, & Chen-Yang, 2013), and nanospindles (Wu, Zhu, 
Li, Dong, Li, Jiang, & Xu, 2012). Later on, hybrid layers of  1D, 2D, and 3D 
nanostructures were synthesized by the researchers which offer enhanced 
surface area as well as higher dye loading. For fabricating an efficient solar cell 
two vital factors such as a high diffusion coefficient and low recombination 
have a significant role. Increased thickness ensures greater dye loading and 
higher surface area for light absorption. Therefore, attempts were taken to 
increase the thickness to improve the photovoltaic performance. On the 
contrary, higher thickness causes a reduced diffusion coefficient and a higher 
rate of  recombination which in turn causes the reduction of  power 
conversion efficiency. For that reason, a suitable choice of  dye as well as 
proper procedure of  dye loading, size of  the metal oxide, and optimum 
photoelectrode layer thickness are the curtail factors for the performance of  
DSSC. Dye loading is a very essential factor for the efficient light harvesting 
of  a DSSC. A monolayer uniform dye loading is preferable to get better cell 
performance. Indeed, the formation of  multilayer dye alone with a poor dye 
distribution severely hinders the electron transfer process.  Multilayer dye 
causes agglomeration which in turn increases the charge transfer resistance, 
reduces the effective electron injection process, and favors undesirable 
recombination of  electrons (Rajab, F. M., 2016). To achieve higher cell 
efficiency, we need to ensure higher surface area by enhancing the metal 
oxide thickness as well as to maintain higher diffusion length and lower 
recombination. In summary, metal oxide film thickness greater than an 
optimum value leads to reduce electron diffusion lengths and increases 
electron recombination. Effect of  N3 dye concentration and N3 dye loading 
time for both TiO2 and ZnO-based DSSC has been investigated where the 

efficiency varied from 0.29 to 2.89% (Tammy, Qifeng, & Guozhong, 2007). 
They also reported the effect of  dye concentration as an effect of  
photoelectrode immersion time at maximum power conversion efficiency. 
Effect of  dye loading time (3, 6 and 9 hour) for two specific dyes named 
N719 and N749 for TiO2-based DSSC was reported by a group of  
researchers where the optimized thickness was reported about 9 µm (Rajib, F. 
M., 2016). The highest power conversion efficiency was found at 9-hour dye 
loading time for both of  the dyes. However, they could not report the 
optimized time for dye loading as they did not investigate the performance 
of  the cells where the electrodes loaded in a dye for more than 9 hours. In 
another report, effect of  dye loading time (various types of  turmeric dye) for 
TiO2-based DSSC has been reported where the obtained power conversion 
efficiency varied from 0.15 to 0.34% (Hossain, et al., 2017). N179 dye has 
been used for various dye loading time (1 to 24 h) for ZnO-based DSSC 
where the number of  depositing layers were varied (Magiswaran, et al., 2022). 
As per their report the maximum power conversion efficiency was found 
about 2.77% for 3 hours of  dye loading time where the number of  
depositing layer was three. Considering the above-mentioned facts, a detailed 
investigation of  the thickness optimization as well as the optimization of  the 
dye loading time is an essential requirement to improve the performance of  
the cell. As per the previous investigations, thickness optimization and the 
effect of  dye loading time have been observed in a separate investigation. In 
this investigation, we will show the effect of  dye loading time on the DSSC 
performance at various photoelectrode thickness which has not been 
investigated earlier. The prime goal is to observe the optimized conditions of  
photovoltaic parameters in terms of  dye loading time and photoelectrode 
thickness. 

2. Experimental 
2.1 Photoelectrode preparation

Figure 1 
Blade coating arrangement

Photelectrodes were prepared using the conventional Blade coating 
technique. The Blade coating paste was prepared using P25 type TiO2 
precursor in ethanol solvent. Blade coating past is prepared using 3 gm P25 
nanoparticle in 6 ml ethanol solution. The solution was dispersed using an 
electronic homogenizer at 60% amplitude, and one-fourth pulse rate for 5 
min. After the dispersion, the prepared paste was used for preparing the 
photoelectrode using the Blade coating technique. Along with the paste 
preparation, the fluorine-doped tin oxide (FTO) coated glass substrates were 
cleaned in an ultrasonic bath inside methanol solution two times and for 
acetone solution one time. An ultrasonic bath was used for 15 min for this 
cleaning purpose. Each of  the conductive glasses (2×2 cm2) was then dried 
by flowing nitrogen gas. After the nitrogen cleaning process, all the substrates 
were further cleaned by ozone (O3) cleaning. After the cleaning process is 
over, the prepared paste is used to prepare the photoelectrode layer using the 
Blade coating technique. The blade coating arrangement is shown in Fig. 1. 
Three conductive FTO glass substrates were placed onto the Blade coating 
board which was fixed with the polyamide tape. Polyamide tape maintains the 
layer thickness to some extent. The thickness controller screw is adjusted 
properly to get the desired thickness. Before the coating, the paste is poured 
onto the FTO substrate’s front side. Soon after that, the Blade coater is 
moved from front to back one time and from back to front another time to 
complete a single cycle. In this way, the first layer of  metal oxide is prepared. 
After that, the coated layer is dried for a few minutes and the same process is 
repeated a second time. The prepared photoelectrodes are kept for dye 
loading. 

2.2 Dye loading
For preparing the dye solution of  0.5 mM concentration, a 100 ml beaker is 
subsequently cleaned using methanol and ethanol in an ultrasonic bath.  
0.0531 gm of  ruthenium dye N719 is mixed with 90 ml ethanol solution and 
primarily mixed by gentle shaking. For complete dispersion, the solution is 
transferred to a glass bottle whose cover is sealed with paraffin tape and is 
kept in an ultrasonic bath at 45 Hz for 30 min inside the yellow room. In this 
way, the dye solution is ready for the experiment. Now, the prepared 
photoelectrodes emerged into the dye with the help of  a substrate casing. For 
this investigation, the dye loading time was varied for 14, 18, 22, 30, 35, and 
43 hours. During the dye loading, all the substrates inside the dye solution are 
kept in dark. After the estimated time is over, the photoelectrodes were taken 
out from the emerging dye and inserted into the methanol solution with 
gentle shaking to remove the extra dye or unwanted particles. In this way, the 

photoelectrodes were prepared for cell fabrication.   

2.3 Cell fabrication and characterization 
The Pt-coated glass was used as the counter electrode of  the cell. A 50 µm 
thick Polymer film was attached to the counter electrode having a space in 
the middle which provides space as well as encapsulates the electrolyte. The 
liquid electrolyte iodide/triiodide redox (Iodolyte AN-50, Solaronix) was 
carefully injected into that gap between the electrodes by a glass tube injector. 
Both of  the electrodes were fixed with one another using two simple paper 
clips. The active area of  the prepared photoelectrodes was about 4 cm2 
(20×20 mm2) and its thickness was in the range of  10 to 20 µm as measured 
by a surface profilometer (Alpha step 500). Soon after the cell fabrication, the 
current-voltage (I-V) parameters were measured using a solar simulator (100 
mW.cm-2, AM 1.5 illumination) in the air with a cell area of  0.16 cm2 which 
was ensured by a still mask. The photoelectrode surface morphology was 
observed by a Scanning Electron Microscopy (SEM) image which was 
operated at 15 kV of  operating voltage. 

Figure 2 
a) Pt-coated counter electrode, b) Pt-coated counter electrode with iodide/triiodide solution, c) dye-loaded metal 
oxide FTO Photoelectrode, d) complete solar cell arrangement

3.  Results and discussions:
Solar cell performance (I-V data) of  various thicknesses (5 to 30 μm) with 
various dye loading times (10 to 26 h) has been investigated. Various 
performance parameters such as short circuit current density (JSC) of  the cells 
with various thicknesses and dye loading times to find the suitable thickness 
and dye loading time for P25-based DSSC. Additionally, the SEM image has  
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1.  Introduction  
Since the introduction of  organic-inorganic Dye-sensitized solar cells 
(DSSCs) by O’Regan and Grätzel, 1991, DSSCs took substantial attention 
from researchers. The reason behind the interest in such kind of  DSSC is due 
to its remarkable photovoltaic performance, lower production cost, and less 
environmental impact (Li & Zhang, 2009). A typical DSSC is composed of  a 
wide bandgap semiconductor film, usually prepared by mesoporous TiO2 or 
ZnO nanoparticles having a thickness of  10 to 16 μm for glass 
substrate-based DSSC (Choudhury, Kishi, & Soga, 2015a,b) and about 6 to 9 
μm for flexible DSSC (Fan, Li, Zhou, Miao, Zhang, Hu, & Shao, 2014). 
These semiconductor films are soaked into a colorful dye solution aimed to 
yield high light absorption in the range of  400 to 800 nm (Tammy, Qifeng, & 

Guozhong, 2007). Other essential components include a liquid electrolyte 
containing the iodide/triiodide (I-/I3-) redox couple which supplies electrons 
to the photoelectrode as well as receives electrons from the counter 
electrode. Electrons are excited by the incident photon and promoted to the 
conduction band of  the metal oxide semiconductor which diffuses through 
the film and moves toward the counter electrode through the external circuit 
and reduces the triiodide of  the electrolyte. The dye receives electrons from 
the iodide, thereby closing the cycle of  photovoltaic conversion.  

Numerous investigations were done by various researchers to improve 
the cell performance and the overall power conversion efficiency of  
TiO2-based cells reached 14% (Babar, et al., 2020; Lee, Li, & Ho, 2017). Still, 
the overall power conversion efficiency and stability are lower than the 
conventional Silicon-based inorganic solar cells. Therefore, more 
investigations are required for such kinds of  solar cells. Photoelectrode 
preparation is one of  the most significant tasks to get highly efficient and 
stable TiO2-based DSSC. Several photoelectrode preparation methods 
(Lindström, Holmberg, Magnusson, Lindquist, Malmqvist, & Hagfeldt, 2001; 
Choudhury, Kishi, & Soga, 2015b) along with doping (Abuelwafa, 
Choudhury, Dongol, El-Nahass, & Soga, 2018; Choudhury, Kishi, Kato, & 
Soga, 2017 and various post-deposition treatments (Choudhury, Kishi, & 
Soga, 2016a,b,c) has been performed to get suitable photoelectrode surface 
as well as improved photoconversion efficiency. Besides, the design and 
production of  photoelectrode (Rahman, Islam, Alam, Uddin, Soga, & 
Choudhury, 2022), choice of  proper liquid dye, a mechanism for maximum 
dye loading with higher light scattering, better charge transportability, and 
reduced recombination are the leading challenges in this field of  research. 
The most common choice for photoelectrode materials are TiO2, ZnO, 
Nb2O5, SnO2 (Etxebarria, Ajuria, & Pacios, 2015; Qiu, Ono, & Qi, 2018; 
Iwata, Shibakawa, Imawaka, & Yoshino, 2018) porous nanoparticles. 
Researchers have focused on preparing a homogenous compact layer 
photoelectrode with suitable doping and with various postdeposition 
treatments to improve the overall power conversion efficiency and stability. 
The most common postdeposition treatments include annealing 
(Choudhury, Kishi, & Soga, 2015b, application of  mechanical compression 
(Meen, Tsai, Tu, Wu, Hsu, & Chang, 2014; Choudhury, Kishi, & Soga, 
2016a), and hot compression (Choudhury, Kishi, & Soga, 2016b) which 
shows improvement in the performance of  the cells as reported by the 
researchers.  

The primary focus of  the researchers was on the photovoltaic device 
structure and material properties to enhance the power conversion efficiency 

rather than considering the stability. After achieving a moderate level of  
power conversion efficiency researchers are now focusing on the stability of  
such solar cells.  The main principle of  increasing the efficiency of  DSSC is 
based on enhancing the incident photon and effective interaction with the 
nanoporous metal oxide electrode. Here, colorful monolayer dye molecules 
are used for enhancing the light scattering phenomenon. Thus, an effective 
method of  photoelectrode fabrication is preferable which will increase the 
light scattering in the photoanode structure (De Marco, et al., 2010), also 
ensure effective interaction between the incident photon and dye molecules. 
The Preparation of  metal oxide with a suitable structure is the prime task for 
such kinds of  solar cells. Several methods reported by the researchers to 
prepare described properties in the use of  one-dimensional metal oxides 
such as nanorods (De Marco, et al., 2010), nanowires (Tan, & Wu, 2006), 
nanotubes (Luo, Gao, Sun, & Liu, 2012; Sun, Qadir, & Jeong, 2014) 
nanofibers (Lin, Lin, Lee, & Chen-Yang, 2013), and nanospindles (Wu, Zhu, 
Li, Dong, Li, Jiang, & Xu, 2012). Later on, hybrid layers of  1D, 2D, and 3D 
nanostructures were synthesized by the researchers which offer enhanced 
surface area as well as higher dye loading. For fabricating an efficient solar cell 
two vital factors such as a high diffusion coefficient and low recombination 
have a significant role. Increased thickness ensures greater dye loading and 
higher surface area for light absorption. Therefore, attempts were taken to 
increase the thickness to improve the photovoltaic performance. On the 
contrary, higher thickness causes a reduced diffusion coefficient and a higher 
rate of  recombination which in turn causes the reduction of  power 
conversion efficiency. For that reason, a suitable choice of  dye as well as 
proper procedure of  dye loading, size of  the metal oxide, and optimum 
photoelectrode layer thickness are the curtail factors for the performance of  
DSSC. Dye loading is a very essential factor for the efficient light harvesting 
of  a DSSC. A monolayer uniform dye loading is preferable to get better cell 
performance. Indeed, the formation of  multilayer dye alone with a poor dye 
distribution severely hinders the electron transfer process.  Multilayer dye 
causes agglomeration which in turn increases the charge transfer resistance, 
reduces the effective electron injection process, and favors undesirable 
recombination of  electrons (Rajab, F. M., 2016). To achieve higher cell 
efficiency, we need to ensure higher surface area by enhancing the metal 
oxide thickness as well as to maintain higher diffusion length and lower 
recombination. In summary, metal oxide film thickness greater than an 
optimum value leads to reduce electron diffusion lengths and increases 
electron recombination. Effect of  N3 dye concentration and N3 dye loading 
time for both TiO2 and ZnO-based DSSC has been investigated where the 

efficiency varied from 0.29 to 2.89% (Tammy, Qifeng, & Guozhong, 2007). 
They also reported the effect of  dye concentration as an effect of  
photoelectrode immersion time at maximum power conversion efficiency. 
Effect of  dye loading time (3, 6 and 9 hour) for two specific dyes named 
N719 and N749 for TiO2-based DSSC was reported by a group of  
researchers where the optimized thickness was reported about 9 µm (Rajib, F. 
M., 2016). The highest power conversion efficiency was found at 9-hour dye 
loading time for both of  the dyes. However, they could not report the 
optimized time for dye loading as they did not investigate the performance 
of  the cells where the electrodes loaded in a dye for more than 9 hours. In 
another report, effect of  dye loading time (various types of  turmeric dye) for 
TiO2-based DSSC has been reported where the obtained power conversion 
efficiency varied from 0.15 to 0.34% (Hossain, et al., 2017). N179 dye has 
been used for various dye loading time (1 to 24 h) for ZnO-based DSSC 
where the number of  depositing layers were varied (Magiswaran, et al., 2022). 
As per their report the maximum power conversion efficiency was found 
about 2.77% for 3 hours of  dye loading time where the number of  
depositing layer was three. Considering the above-mentioned facts, a detailed 
investigation of  the thickness optimization as well as the optimization of  the 
dye loading time is an essential requirement to improve the performance of  
the cell. As per the previous investigations, thickness optimization and the 
effect of  dye loading time have been observed in a separate investigation. In 
this investigation, we will show the effect of  dye loading time on the DSSC 
performance at various photoelectrode thickness which has not been 
investigated earlier. The prime goal is to observe the optimized conditions of  
photovoltaic parameters in terms of  dye loading time and photoelectrode 
thickness. 

2. Experimental 
2.1 Photoelectrode preparation

Figure 1 
Blade coating arrangement

Photelectrodes were prepared using the conventional Blade coating 
technique. The Blade coating paste was prepared using P25 type TiO2 
precursor in ethanol solvent. Blade coating past is prepared using 3 gm P25 
nanoparticle in 6 ml ethanol solution. The solution was dispersed using an 
electronic homogenizer at 60% amplitude, and one-fourth pulse rate for 5 
min. After the dispersion, the prepared paste was used for preparing the 
photoelectrode using the Blade coating technique. Along with the paste 
preparation, the fluorine-doped tin oxide (FTO) coated glass substrates were 
cleaned in an ultrasonic bath inside methanol solution two times and for 
acetone solution one time. An ultrasonic bath was used for 15 min for this 
cleaning purpose. Each of  the conductive glasses (2×2 cm2) was then dried 
by flowing nitrogen gas. After the nitrogen cleaning process, all the substrates 
were further cleaned by ozone (O3) cleaning. After the cleaning process is 
over, the prepared paste is used to prepare the photoelectrode layer using the 
Blade coating technique. The blade coating arrangement is shown in Fig. 1. 
Three conductive FTO glass substrates were placed onto the Blade coating 
board which was fixed with the polyamide tape. Polyamide tape maintains the 
layer thickness to some extent. The thickness controller screw is adjusted 
properly to get the desired thickness. Before the coating, the paste is poured 
onto the FTO substrate’s front side. Soon after that, the Blade coater is 
moved from front to back one time and from back to front another time to 
complete a single cycle. In this way, the first layer of  metal oxide is prepared. 
After that, the coated layer is dried for a few minutes and the same process is 
repeated a second time. The prepared photoelectrodes are kept for dye 
loading. 

2.2 Dye loading
For preparing the dye solution of  0.5 mM concentration, a 100 ml beaker is 
subsequently cleaned using methanol and ethanol in an ultrasonic bath.  
0.0531 gm of  ruthenium dye N719 is mixed with 90 ml ethanol solution and 
primarily mixed by gentle shaking. For complete dispersion, the solution is 
transferred to a glass bottle whose cover is sealed with paraffin tape and is 
kept in an ultrasonic bath at 45 Hz for 30 min inside the yellow room. In this 
way, the dye solution is ready for the experiment. Now, the prepared 
photoelectrodes emerged into the dye with the help of  a substrate casing. For 
this investigation, the dye loading time was varied for 14, 18, 22, 30, 35, and 
43 hours. During the dye loading, all the substrates inside the dye solution are 
kept in dark. After the estimated time is over, the photoelectrodes were taken 
out from the emerging dye and inserted into the methanol solution with 
gentle shaking to remove the extra dye or unwanted particles. In this way, the 

photoelectrodes were prepared for cell fabrication.   

2.3 Cell fabrication and characterization 
The Pt-coated glass was used as the counter electrode of  the cell. A 50 µm 
thick Polymer film was attached to the counter electrode having a space in 
the middle which provides space as well as encapsulates the electrolyte. The 
liquid electrolyte iodide/triiodide redox (Iodolyte AN-50, Solaronix) was 
carefully injected into that gap between the electrodes by a glass tube injector. 
Both of  the electrodes were fixed with one another using two simple paper 
clips. The active area of  the prepared photoelectrodes was about 4 cm2 
(20×20 mm2) and its thickness was in the range of  10 to 20 µm as measured 
by a surface profilometer (Alpha step 500). Soon after the cell fabrication, the 
current-voltage (I-V) parameters were measured using a solar simulator (100 
mW.cm-2, AM 1.5 illumination) in the air with a cell area of  0.16 cm2 which 
was ensured by a still mask. The photoelectrode surface morphology was 
observed by a Scanning Electron Microscopy (SEM) image which was 
operated at 15 kV of  operating voltage. 

Figure 2 
a) Pt-coated counter electrode, b) Pt-coated counter electrode with iodide/triiodide solution, c) dye-loaded metal 
oxide FTO Photoelectrode, d) complete solar cell arrangement

3.  Results and discussions:
Solar cell performance (I-V data) of  various thicknesses (5 to 30 μm) with 
various dye loading times (10 to 26 h) has been investigated. Various 
performance parameters such as short circuit current density (JSC) of  the cells 
with various thicknesses and dye loading times to find the suitable thickness 
and dye loading time for P25-based DSSC. Additionally, the SEM image has  
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1.  Introduction  
Since the introduction of  organic-inorganic Dye-sensitized solar cells 
(DSSCs) by O’Regan and Grätzel, 1991, DSSCs took substantial attention 
from researchers. The reason behind the interest in such kind of  DSSC is due 
to its remarkable photovoltaic performance, lower production cost, and less 
environmental impact (Li & Zhang, 2009). A typical DSSC is composed of  a 
wide bandgap semiconductor film, usually prepared by mesoporous TiO2 or 
ZnO nanoparticles having a thickness of  10 to 16 μm for glass 
substrate-based DSSC (Choudhury, Kishi, & Soga, 2015a,b) and about 6 to 9 
μm for flexible DSSC (Fan, Li, Zhou, Miao, Zhang, Hu, & Shao, 2014). 
These semiconductor films are soaked into a colorful dye solution aimed to 
yield high light absorption in the range of  400 to 800 nm (Tammy, Qifeng, & 

Guozhong, 2007). Other essential components include a liquid electrolyte 
containing the iodide/triiodide (I-/I3-) redox couple which supplies electrons 
to the photoelectrode as well as receives electrons from the counter 
electrode. Electrons are excited by the incident photon and promoted to the 
conduction band of  the metal oxide semiconductor which diffuses through 
the film and moves toward the counter electrode through the external circuit 
and reduces the triiodide of  the electrolyte. The dye receives electrons from 
the iodide, thereby closing the cycle of  photovoltaic conversion.  

Numerous investigations were done by various researchers to improve 
the cell performance and the overall power conversion efficiency of  
TiO2-based cells reached 14% (Babar, et al., 2020; Lee, Li, & Ho, 2017). Still, 
the overall power conversion efficiency and stability are lower than the 
conventional Silicon-based inorganic solar cells. Therefore, more 
investigations are required for such kinds of  solar cells. Photoelectrode 
preparation is one of  the most significant tasks to get highly efficient and 
stable TiO2-based DSSC. Several photoelectrode preparation methods 
(Lindström, Holmberg, Magnusson, Lindquist, Malmqvist, & Hagfeldt, 2001; 
Choudhury, Kishi, & Soga, 2015b) along with doping (Abuelwafa, 
Choudhury, Dongol, El-Nahass, & Soga, 2018; Choudhury, Kishi, Kato, & 
Soga, 2017 and various post-deposition treatments (Choudhury, Kishi, & 
Soga, 2016a,b,c) has been performed to get suitable photoelectrode surface 
as well as improved photoconversion efficiency. Besides, the design and 
production of  photoelectrode (Rahman, Islam, Alam, Uddin, Soga, & 
Choudhury, 2022), choice of  proper liquid dye, a mechanism for maximum 
dye loading with higher light scattering, better charge transportability, and 
reduced recombination are the leading challenges in this field of  research. 
The most common choice for photoelectrode materials are TiO2, ZnO, 
Nb2O5, SnO2 (Etxebarria, Ajuria, & Pacios, 2015; Qiu, Ono, & Qi, 2018; 
Iwata, Shibakawa, Imawaka, & Yoshino, 2018) porous nanoparticles. 
Researchers have focused on preparing a homogenous compact layer 
photoelectrode with suitable doping and with various postdeposition 
treatments to improve the overall power conversion efficiency and stability. 
The most common postdeposition treatments include annealing 
(Choudhury, Kishi, & Soga, 2015b, application of  mechanical compression 
(Meen, Tsai, Tu, Wu, Hsu, & Chang, 2014; Choudhury, Kishi, & Soga, 
2016a), and hot compression (Choudhury, Kishi, & Soga, 2016b) which 
shows improvement in the performance of  the cells as reported by the 
researchers.  

The primary focus of  the researchers was on the photovoltaic device 
structure and material properties to enhance the power conversion efficiency 

rather than considering the stability. After achieving a moderate level of  
power conversion efficiency researchers are now focusing on the stability of  
such solar cells.  The main principle of  increasing the efficiency of  DSSC is 
based on enhancing the incident photon and effective interaction with the 
nanoporous metal oxide electrode. Here, colorful monolayer dye molecules 
are used for enhancing the light scattering phenomenon. Thus, an effective 
method of  photoelectrode fabrication is preferable which will increase the 
light scattering in the photoanode structure (De Marco, et al., 2010), also 
ensure effective interaction between the incident photon and dye molecules. 
The Preparation of  metal oxide with a suitable structure is the prime task for 
such kinds of  solar cells. Several methods reported by the researchers to 
prepare described properties in the use of  one-dimensional metal oxides 
such as nanorods (De Marco, et al., 2010), nanowires (Tan, & Wu, 2006), 
nanotubes (Luo, Gao, Sun, & Liu, 2012; Sun, Qadir, & Jeong, 2014) 
nanofibers (Lin, Lin, Lee, & Chen-Yang, 2013), and nanospindles (Wu, Zhu, 
Li, Dong, Li, Jiang, & Xu, 2012). Later on, hybrid layers of  1D, 2D, and 3D 
nanostructures were synthesized by the researchers which offer enhanced 
surface area as well as higher dye loading. For fabricating an efficient solar cell 
two vital factors such as a high diffusion coefficient and low recombination 
have a significant role. Increased thickness ensures greater dye loading and 
higher surface area for light absorption. Therefore, attempts were taken to 
increase the thickness to improve the photovoltaic performance. On the 
contrary, higher thickness causes a reduced diffusion coefficient and a higher 
rate of  recombination which in turn causes the reduction of  power 
conversion efficiency. For that reason, a suitable choice of  dye as well as 
proper procedure of  dye loading, size of  the metal oxide, and optimum 
photoelectrode layer thickness are the curtail factors for the performance of  
DSSC. Dye loading is a very essential factor for the efficient light harvesting 
of  a DSSC. A monolayer uniform dye loading is preferable to get better cell 
performance. Indeed, the formation of  multilayer dye alone with a poor dye 
distribution severely hinders the electron transfer process.  Multilayer dye 
causes agglomeration which in turn increases the charge transfer resistance, 
reduces the effective electron injection process, and favors undesirable 
recombination of  electrons (Rajab, F. M., 2016). To achieve higher cell 
efficiency, we need to ensure higher surface area by enhancing the metal 
oxide thickness as well as to maintain higher diffusion length and lower 
recombination. In summary, metal oxide film thickness greater than an 
optimum value leads to reduce electron diffusion lengths and increases 
electron recombination. Effect of  N3 dye concentration and N3 dye loading 
time for both TiO2 and ZnO-based DSSC has been investigated where the 

efficiency varied from 0.29 to 2.89% (Tammy, Qifeng, & Guozhong, 2007). 
They also reported the effect of  dye concentration as an effect of  
photoelectrode immersion time at maximum power conversion efficiency. 
Effect of  dye loading time (3, 6 and 9 hour) for two specific dyes named 
N719 and N749 for TiO2-based DSSC was reported by a group of  
researchers where the optimized thickness was reported about 9 µm (Rajib, F. 
M., 2016). The highest power conversion efficiency was found at 9-hour dye 
loading time for both of  the dyes. However, they could not report the 
optimized time for dye loading as they did not investigate the performance 
of  the cells where the electrodes loaded in a dye for more than 9 hours. In 
another report, effect of  dye loading time (various types of  turmeric dye) for 
TiO2-based DSSC has been reported where the obtained power conversion 
efficiency varied from 0.15 to 0.34% (Hossain, et al., 2017). N179 dye has 
been used for various dye loading time (1 to 24 h) for ZnO-based DSSC 
where the number of  depositing layers were varied (Magiswaran, et al., 2022). 
As per their report the maximum power conversion efficiency was found 
about 2.77% for 3 hours of  dye loading time where the number of  
depositing layer was three. Considering the above-mentioned facts, a detailed 
investigation of  the thickness optimization as well as the optimization of  the 
dye loading time is an essential requirement to improve the performance of  
the cell. As per the previous investigations, thickness optimization and the 
effect of  dye loading time have been observed in a separate investigation. In 
this investigation, we will show the effect of  dye loading time on the DSSC 
performance at various photoelectrode thickness which has not been 
investigated earlier. The prime goal is to observe the optimized conditions of  
photovoltaic parameters in terms of  dye loading time and photoelectrode 
thickness. 

2. Experimental 
2.1 Photoelectrode preparation

Figure 1 
Blade coating arrangement

Photelectrodes were prepared using the conventional Blade coating 
technique. The Blade coating paste was prepared using P25 type TiO2 
precursor in ethanol solvent. Blade coating past is prepared using 3 gm P25 
nanoparticle in 6 ml ethanol solution. The solution was dispersed using an 
electronic homogenizer at 60% amplitude, and one-fourth pulse rate for 5 
min. After the dispersion, the prepared paste was used for preparing the 
photoelectrode using the Blade coating technique. Along with the paste 
preparation, the fluorine-doped tin oxide (FTO) coated glass substrates were 
cleaned in an ultrasonic bath inside methanol solution two times and for 
acetone solution one time. An ultrasonic bath was used for 15 min for this 
cleaning purpose. Each of  the conductive glasses (2×2 cm2) was then dried 
by flowing nitrogen gas. After the nitrogen cleaning process, all the substrates 
were further cleaned by ozone (O3) cleaning. After the cleaning process is 
over, the prepared paste is used to prepare the photoelectrode layer using the 
Blade coating technique. The blade coating arrangement is shown in Fig. 1. 
Three conductive FTO glass substrates were placed onto the Blade coating 
board which was fixed with the polyamide tape. Polyamide tape maintains the 
layer thickness to some extent. The thickness controller screw is adjusted 
properly to get the desired thickness. Before the coating, the paste is poured 
onto the FTO substrate’s front side. Soon after that, the Blade coater is 
moved from front to back one time and from back to front another time to 
complete a single cycle. In this way, the first layer of  metal oxide is prepared. 
After that, the coated layer is dried for a few minutes and the same process is 
repeated a second time. The prepared photoelectrodes are kept for dye 
loading. 

2.2 Dye loading
For preparing the dye solution of  0.5 mM concentration, a 100 ml beaker is 
subsequently cleaned using methanol and ethanol in an ultrasonic bath.  
0.0531 gm of  ruthenium dye N719 is mixed with 90 ml ethanol solution and 
primarily mixed by gentle shaking. For complete dispersion, the solution is 
transferred to a glass bottle whose cover is sealed with paraffin tape and is 
kept in an ultrasonic bath at 45 Hz for 30 min inside the yellow room. In this 
way, the dye solution is ready for the experiment. Now, the prepared 
photoelectrodes emerged into the dye with the help of  a substrate casing. For 
this investigation, the dye loading time was varied for 14, 18, 22, 30, 35, and 
43 hours. During the dye loading, all the substrates inside the dye solution are 
kept in dark. After the estimated time is over, the photoelectrodes were taken 
out from the emerging dye and inserted into the methanol solution with 
gentle shaking to remove the extra dye or unwanted particles. In this way, the 

photoelectrodes were prepared for cell fabrication.   

2.3 Cell fabrication and characterization 
The Pt-coated glass was used as the counter electrode of  the cell. A 50 µm 
thick Polymer film was attached to the counter electrode having a space in 
the middle which provides space as well as encapsulates the electrolyte. The 
liquid electrolyte iodide/triiodide redox (Iodolyte AN-50, Solaronix) was 
carefully injected into that gap between the electrodes by a glass tube injector. 
Both of  the electrodes were fixed with one another using two simple paper 
clips. The active area of  the prepared photoelectrodes was about 4 cm2 
(20×20 mm2) and its thickness was in the range of  10 to 20 µm as measured 
by a surface profilometer (Alpha step 500). Soon after the cell fabrication, the 
current-voltage (I-V) parameters were measured using a solar simulator (100 
mW.cm-2, AM 1.5 illumination) in the air with a cell area of  0.16 cm2 which 
was ensured by a still mask. The photoelectrode surface morphology was 
observed by a Scanning Electron Microscopy (SEM) image which was 
operated at 15 kV of  operating voltage. 

Figure 2 
a) Pt-coated counter electrode, b) Pt-coated counter electrode with iodide/triiodide solution, c) dye-loaded metal 
oxide FTO Photoelectrode, d) complete solar cell arrangement

3.  Results and discussions:
Solar cell performance (I-V data) of  various thicknesses (5 to 30 μm) with 
various dye loading times (10 to 26 h) has been investigated. Various 
performance parameters such as short circuit current density (JSC) of  the cells 
with various thicknesses and dye loading times to find the suitable thickness 
and dye loading time for P25-based DSSC. Additionally, the SEM image has  
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1.  Introduction  
Since the introduction of  organic-inorganic Dye-sensitized solar cells 
(DSSCs) by O’Regan and Grätzel, 1991, DSSCs took substantial attention 
from researchers. The reason behind the interest in such kind of  DSSC is due 
to its remarkable photovoltaic performance, lower production cost, and less 
environmental impact (Li & Zhang, 2009). A typical DSSC is composed of  a 
wide bandgap semiconductor film, usually prepared by mesoporous TiO2 or 
ZnO nanoparticles having a thickness of  10 to 16 μm for glass 
substrate-based DSSC (Choudhury, Kishi, & Soga, 2015a,b) and about 6 to 9 
μm for flexible DSSC (Fan, Li, Zhou, Miao, Zhang, Hu, & Shao, 2014). 
These semiconductor films are soaked into a colorful dye solution aimed to 
yield high light absorption in the range of  400 to 800 nm (Tammy, Qifeng, & 

Guozhong, 2007). Other essential components include a liquid electrolyte 
containing the iodide/triiodide (I-/I3-) redox couple which supplies electrons 
to the photoelectrode as well as receives electrons from the counter 
electrode. Electrons are excited by the incident photon and promoted to the 
conduction band of  the metal oxide semiconductor which diffuses through 
the film and moves toward the counter electrode through the external circuit 
and reduces the triiodide of  the electrolyte. The dye receives electrons from 
the iodide, thereby closing the cycle of  photovoltaic conversion.  

Numerous investigations were done by various researchers to improve 
the cell performance and the overall power conversion efficiency of  
TiO2-based cells reached 14% (Babar, et al., 2020; Lee, Li, & Ho, 2017). Still, 
the overall power conversion efficiency and stability are lower than the 
conventional Silicon-based inorganic solar cells. Therefore, more 
investigations are required for such kinds of  solar cells. Photoelectrode 
preparation is one of  the most significant tasks to get highly efficient and 
stable TiO2-based DSSC. Several photoelectrode preparation methods 
(Lindström, Holmberg, Magnusson, Lindquist, Malmqvist, & Hagfeldt, 2001; 
Choudhury, Kishi, & Soga, 2015b) along with doping (Abuelwafa, 
Choudhury, Dongol, El-Nahass, & Soga, 2018; Choudhury, Kishi, Kato, & 
Soga, 2017 and various post-deposition treatments (Choudhury, Kishi, & 
Soga, 2016a,b,c) has been performed to get suitable photoelectrode surface 
as well as improved photoconversion efficiency. Besides, the design and 
production of  photoelectrode (Rahman, Islam, Alam, Uddin, Soga, & 
Choudhury, 2022), choice of  proper liquid dye, a mechanism for maximum 
dye loading with higher light scattering, better charge transportability, and 
reduced recombination are the leading challenges in this field of  research. 
The most common choice for photoelectrode materials are TiO2, ZnO, 
Nb2O5, SnO2 (Etxebarria, Ajuria, & Pacios, 2015; Qiu, Ono, & Qi, 2018; 
Iwata, Shibakawa, Imawaka, & Yoshino, 2018) porous nanoparticles. 
Researchers have focused on preparing a homogenous compact layer 
photoelectrode with suitable doping and with various postdeposition 
treatments to improve the overall power conversion efficiency and stability. 
The most common postdeposition treatments include annealing 
(Choudhury, Kishi, & Soga, 2015b, application of  mechanical compression 
(Meen, Tsai, Tu, Wu, Hsu, & Chang, 2014; Choudhury, Kishi, & Soga, 
2016a), and hot compression (Choudhury, Kishi, & Soga, 2016b) which 
shows improvement in the performance of  the cells as reported by the 
researchers.  

The primary focus of  the researchers was on the photovoltaic device 
structure and material properties to enhance the power conversion efficiency 

rather than considering the stability. After achieving a moderate level of  
power conversion efficiency researchers are now focusing on the stability of  
such solar cells.  The main principle of  increasing the efficiency of  DSSC is 
based on enhancing the incident photon and effective interaction with the 
nanoporous metal oxide electrode. Here, colorful monolayer dye molecules 
are used for enhancing the light scattering phenomenon. Thus, an effective 
method of  photoelectrode fabrication is preferable which will increase the 
light scattering in the photoanode structure (De Marco, et al., 2010), also 
ensure effective interaction between the incident photon and dye molecules. 
The Preparation of  metal oxide with a suitable structure is the prime task for 
such kinds of  solar cells. Several methods reported by the researchers to 
prepare described properties in the use of  one-dimensional metal oxides 
such as nanorods (De Marco, et al., 2010), nanowires (Tan, & Wu, 2006), 
nanotubes (Luo, Gao, Sun, & Liu, 2012; Sun, Qadir, & Jeong, 2014) 
nanofibers (Lin, Lin, Lee, & Chen-Yang, 2013), and nanospindles (Wu, Zhu, 
Li, Dong, Li, Jiang, & Xu, 2012). Later on, hybrid layers of  1D, 2D, and 3D 
nanostructures were synthesized by the researchers which offer enhanced 
surface area as well as higher dye loading. For fabricating an efficient solar cell 
two vital factors such as a high diffusion coefficient and low recombination 
have a significant role. Increased thickness ensures greater dye loading and 
higher surface area for light absorption. Therefore, attempts were taken to 
increase the thickness to improve the photovoltaic performance. On the 
contrary, higher thickness causes a reduced diffusion coefficient and a higher 
rate of  recombination which in turn causes the reduction of  power 
conversion efficiency. For that reason, a suitable choice of  dye as well as 
proper procedure of  dye loading, size of  the metal oxide, and optimum 
photoelectrode layer thickness are the curtail factors for the performance of  
DSSC. Dye loading is a very essential factor for the efficient light harvesting 
of  a DSSC. A monolayer uniform dye loading is preferable to get better cell 
performance. Indeed, the formation of  multilayer dye alone with a poor dye 
distribution severely hinders the electron transfer process.  Multilayer dye 
causes agglomeration which in turn increases the charge transfer resistance, 
reduces the effective electron injection process, and favors undesirable 
recombination of  electrons (Rajab, F. M., 2016). To achieve higher cell 
efficiency, we need to ensure higher surface area by enhancing the metal 
oxide thickness as well as to maintain higher diffusion length and lower 
recombination. In summary, metal oxide film thickness greater than an 
optimum value leads to reduce electron diffusion lengths and increases 
electron recombination. Effect of  N3 dye concentration and N3 dye loading 
time for both TiO2 and ZnO-based DSSC has been investigated where the 

efficiency varied from 0.29 to 2.89% (Tammy, Qifeng, & Guozhong, 2007). 
They also reported the effect of  dye concentration as an effect of  
photoelectrode immersion time at maximum power conversion efficiency. 
Effect of  dye loading time (3, 6 and 9 hour) for two specific dyes named 
N719 and N749 for TiO2-based DSSC was reported by a group of  
researchers where the optimized thickness was reported about 9 µm (Rajib, F. 
M., 2016). The highest power conversion efficiency was found at 9-hour dye 
loading time for both of  the dyes. However, they could not report the 
optimized time for dye loading as they did not investigate the performance 
of  the cells where the electrodes loaded in a dye for more than 9 hours. In 
another report, effect of  dye loading time (various types of  turmeric dye) for 
TiO2-based DSSC has been reported where the obtained power conversion 
efficiency varied from 0.15 to 0.34% (Hossain, et al., 2017). N179 dye has 
been used for various dye loading time (1 to 24 h) for ZnO-based DSSC 
where the number of  depositing layers were varied (Magiswaran, et al., 2022). 
As per their report the maximum power conversion efficiency was found 
about 2.77% for 3 hours of  dye loading time where the number of  
depositing layer was three. Considering the above-mentioned facts, a detailed 
investigation of  the thickness optimization as well as the optimization of  the 
dye loading time is an essential requirement to improve the performance of  
the cell. As per the previous investigations, thickness optimization and the 
effect of  dye loading time have been observed in a separate investigation. In 
this investigation, we will show the effect of  dye loading time on the DSSC 
performance at various photoelectrode thickness which has not been 
investigated earlier. The prime goal is to observe the optimized conditions of  
photovoltaic parameters in terms of  dye loading time and photoelectrode 
thickness. 

2. Experimental 
2.1 Photoelectrode preparation

Figure 1 
Blade coating arrangement

Photelectrodes were prepared using the conventional Blade coating 
technique. The Blade coating paste was prepared using P25 type TiO2 
precursor in ethanol solvent. Blade coating past is prepared using 3 gm P25 
nanoparticle in 6 ml ethanol solution. The solution was dispersed using an 
electronic homogenizer at 60% amplitude, and one-fourth pulse rate for 5 
min. After the dispersion, the prepared paste was used for preparing the 
photoelectrode using the Blade coating technique. Along with the paste 
preparation, the fluorine-doped tin oxide (FTO) coated glass substrates were 
cleaned in an ultrasonic bath inside methanol solution two times and for 
acetone solution one time. An ultrasonic bath was used for 15 min for this 
cleaning purpose. Each of  the conductive glasses (2×2 cm2) was then dried 
by flowing nitrogen gas. After the nitrogen cleaning process, all the substrates 
were further cleaned by ozone (O3) cleaning. After the cleaning process is 
over, the prepared paste is used to prepare the photoelectrode layer using the 
Blade coating technique. The blade coating arrangement is shown in Fig. 1. 
Three conductive FTO glass substrates were placed onto the Blade coating 
board which was fixed with the polyamide tape. Polyamide tape maintains the 
layer thickness to some extent. The thickness controller screw is adjusted 
properly to get the desired thickness. Before the coating, the paste is poured 
onto the FTO substrate’s front side. Soon after that, the Blade coater is 
moved from front to back one time and from back to front another time to 
complete a single cycle. In this way, the first layer of  metal oxide is prepared. 
After that, the coated layer is dried for a few minutes and the same process is 
repeated a second time. The prepared photoelectrodes are kept for dye 
loading. 

2.2 Dye loading
For preparing the dye solution of  0.5 mM concentration, a 100 ml beaker is 
subsequently cleaned using methanol and ethanol in an ultrasonic bath.  
0.0531 gm of  ruthenium dye N719 is mixed with 90 ml ethanol solution and 
primarily mixed by gentle shaking. For complete dispersion, the solution is 
transferred to a glass bottle whose cover is sealed with paraffin tape and is 
kept in an ultrasonic bath at 45 Hz for 30 min inside the yellow room. In this 
way, the dye solution is ready for the experiment. Now, the prepared 
photoelectrodes emerged into the dye with the help of  a substrate casing. For 
this investigation, the dye loading time was varied for 14, 18, 22, 30, 35, and 
43 hours. During the dye loading, all the substrates inside the dye solution are 
kept in dark. After the estimated time is over, the photoelectrodes were taken 
out from the emerging dye and inserted into the methanol solution with 
gentle shaking to remove the extra dye or unwanted particles. In this way, the 

photoelectrodes were prepared for cell fabrication.   

2.3 Cell fabrication and characterization 
The Pt-coated glass was used as the counter electrode of  the cell. A 50 µm 
thick Polymer film was attached to the counter electrode having a space in 
the middle which provides space as well as encapsulates the electrolyte. The 
liquid electrolyte iodide/triiodide redox (Iodolyte AN-50, Solaronix) was 
carefully injected into that gap between the electrodes by a glass tube injector. 
Both of  the electrodes were fixed with one another using two simple paper 
clips. The active area of  the prepared photoelectrodes was about 4 cm2 
(20×20 mm2) and its thickness was in the range of  10 to 20 µm as measured 
by a surface profilometer (Alpha step 500). Soon after the cell fabrication, the 
current-voltage (I-V) parameters were measured using a solar simulator (100 
mW.cm-2, AM 1.5 illumination) in the air with a cell area of  0.16 cm2 which 
was ensured by a still mask. The photoelectrode surface morphology was 
observed by a Scanning Electron Microscopy (SEM) image which was 
operated at 15 kV of  operating voltage. 

Figure 2 
a) Pt-coated counter electrode, b) Pt-coated counter electrode with iodide/triiodide solution, c) dye-loaded metal 
oxide FTO Photoelectrode, d) complete solar cell arrangement

3.  Results and discussions:
Solar cell performance (I-V data) of  various thicknesses (5 to 30 μm) with 
various dye loading times (10 to 26 h) has been investigated. Various 
performance parameters such as short circuit current density (JSC) of  the cells 
with various thicknesses and dye loading times to find the suitable thickness 
and dye loading time for P25-based DSSC. Additionally, the SEM image has  
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1.  Introduction  
Since the introduction of  organic-inorganic Dye-sensitized solar cells 
(DSSCs) by O’Regan and Grätzel, 1991, DSSCs took substantial attention 
from researchers. The reason behind the interest in such kind of  DSSC is due 
to its remarkable photovoltaic performance, lower production cost, and less 
environmental impact (Li & Zhang, 2009). A typical DSSC is composed of  a 
wide bandgap semiconductor film, usually prepared by mesoporous TiO2 or 
ZnO nanoparticles having a thickness of  10 to 16 μm for glass 
substrate-based DSSC (Choudhury, Kishi, & Soga, 2015a,b) and about 6 to 9 
μm for flexible DSSC (Fan, Li, Zhou, Miao, Zhang, Hu, & Shao, 2014). 
These semiconductor films are soaked into a colorful dye solution aimed to 
yield high light absorption in the range of  400 to 800 nm (Tammy, Qifeng, & 

Guozhong, 2007). Other essential components include a liquid electrolyte 
containing the iodide/triiodide (I-/I3-) redox couple which supplies electrons 
to the photoelectrode as well as receives electrons from the counter 
electrode. Electrons are excited by the incident photon and promoted to the 
conduction band of  the metal oxide semiconductor which diffuses through 
the film and moves toward the counter electrode through the external circuit 
and reduces the triiodide of  the electrolyte. The dye receives electrons from 
the iodide, thereby closing the cycle of  photovoltaic conversion.  

Numerous investigations were done by various researchers to improve 
the cell performance and the overall power conversion efficiency of  
TiO2-based cells reached 14% (Babar, et al., 2020; Lee, Li, & Ho, 2017). Still, 
the overall power conversion efficiency and stability are lower than the 
conventional Silicon-based inorganic solar cells. Therefore, more 
investigations are required for such kinds of  solar cells. Photoelectrode 
preparation is one of  the most significant tasks to get highly efficient and 
stable TiO2-based DSSC. Several photoelectrode preparation methods 
(Lindström, Holmberg, Magnusson, Lindquist, Malmqvist, & Hagfeldt, 2001; 
Choudhury, Kishi, & Soga, 2015b) along with doping (Abuelwafa, 
Choudhury, Dongol, El-Nahass, & Soga, 2018; Choudhury, Kishi, Kato, & 
Soga, 2017 and various post-deposition treatments (Choudhury, Kishi, & 
Soga, 2016a,b,c) has been performed to get suitable photoelectrode surface 
as well as improved photoconversion efficiency. Besides, the design and 
production of  photoelectrode (Rahman, Islam, Alam, Uddin, Soga, & 
Choudhury, 2022), choice of  proper liquid dye, a mechanism for maximum 
dye loading with higher light scattering, better charge transportability, and 
reduced recombination are the leading challenges in this field of  research. 
The most common choice for photoelectrode materials are TiO2, ZnO, 
Nb2O5, SnO2 (Etxebarria, Ajuria, & Pacios, 2015; Qiu, Ono, & Qi, 2018; 
Iwata, Shibakawa, Imawaka, & Yoshino, 2018) porous nanoparticles. 
Researchers have focused on preparing a homogenous compact layer 
photoelectrode with suitable doping and with various postdeposition 
treatments to improve the overall power conversion efficiency and stability. 
The most common postdeposition treatments include annealing 
(Choudhury, Kishi, & Soga, 2015b, application of  mechanical compression 
(Meen, Tsai, Tu, Wu, Hsu, & Chang, 2014; Choudhury, Kishi, & Soga, 
2016a), and hot compression (Choudhury, Kishi, & Soga, 2016b) which 
shows improvement in the performance of  the cells as reported by the 
researchers.  

The primary focus of  the researchers was on the photovoltaic device 
structure and material properties to enhance the power conversion efficiency 

rather than considering the stability. After achieving a moderate level of  
power conversion efficiency researchers are now focusing on the stability of  
such solar cells.  The main principle of  increasing the efficiency of  DSSC is 
based on enhancing the incident photon and effective interaction with the 
nanoporous metal oxide electrode. Here, colorful monolayer dye molecules 
are used for enhancing the light scattering phenomenon. Thus, an effective 
method of  photoelectrode fabrication is preferable which will increase the 
light scattering in the photoanode structure (De Marco, et al., 2010), also 
ensure effective interaction between the incident photon and dye molecules. 
The Preparation of  metal oxide with a suitable structure is the prime task for 
such kinds of  solar cells. Several methods reported by the researchers to 
prepare described properties in the use of  one-dimensional metal oxides 
such as nanorods (De Marco, et al., 2010), nanowires (Tan, & Wu, 2006), 
nanotubes (Luo, Gao, Sun, & Liu, 2012; Sun, Qadir, & Jeong, 2014) 
nanofibers (Lin, Lin, Lee, & Chen-Yang, 2013), and nanospindles (Wu, Zhu, 
Li, Dong, Li, Jiang, & Xu, 2012). Later on, hybrid layers of  1D, 2D, and 3D 
nanostructures were synthesized by the researchers which offer enhanced 
surface area as well as higher dye loading. For fabricating an efficient solar cell 
two vital factors such as a high diffusion coefficient and low recombination 
have a significant role. Increased thickness ensures greater dye loading and 
higher surface area for light absorption. Therefore, attempts were taken to 
increase the thickness to improve the photovoltaic performance. On the 
contrary, higher thickness causes a reduced diffusion coefficient and a higher 
rate of  recombination which in turn causes the reduction of  power 
conversion efficiency. For that reason, a suitable choice of  dye as well as 
proper procedure of  dye loading, size of  the metal oxide, and optimum 
photoelectrode layer thickness are the curtail factors for the performance of  
DSSC. Dye loading is a very essential factor for the efficient light harvesting 
of  a DSSC. A monolayer uniform dye loading is preferable to get better cell 
performance. Indeed, the formation of  multilayer dye alone with a poor dye 
distribution severely hinders the electron transfer process.  Multilayer dye 
causes agglomeration which in turn increases the charge transfer resistance, 
reduces the effective electron injection process, and favors undesirable 
recombination of  electrons (Rajab, F. M., 2016). To achieve higher cell 
efficiency, we need to ensure higher surface area by enhancing the metal 
oxide thickness as well as to maintain higher diffusion length and lower 
recombination. In summary, metal oxide film thickness greater than an 
optimum value leads to reduce electron diffusion lengths and increases 
electron recombination. Effect of  N3 dye concentration and N3 dye loading 
time for both TiO2 and ZnO-based DSSC has been investigated where the 

efficiency varied from 0.29 to 2.89% (Tammy, Qifeng, & Guozhong, 2007). 
They also reported the effect of  dye concentration as an effect of  
photoelectrode immersion time at maximum power conversion efficiency. 
Effect of  dye loading time (3, 6 and 9 hour) for two specific dyes named 
N719 and N749 for TiO2-based DSSC was reported by a group of  
researchers where the optimized thickness was reported about 9 µm (Rajib, F. 
M., 2016). The highest power conversion efficiency was found at 9-hour dye 
loading time for both of  the dyes. However, they could not report the 
optimized time for dye loading as they did not investigate the performance 
of  the cells where the electrodes loaded in a dye for more than 9 hours. In 
another report, effect of  dye loading time (various types of  turmeric dye) for 
TiO2-based DSSC has been reported where the obtained power conversion 
efficiency varied from 0.15 to 0.34% (Hossain, et al., 2017). N179 dye has 
been used for various dye loading time (1 to 24 h) for ZnO-based DSSC 
where the number of  depositing layers were varied (Magiswaran, et al., 2022). 
As per their report the maximum power conversion efficiency was found 
about 2.77% for 3 hours of  dye loading time where the number of  
depositing layer was three. Considering the above-mentioned facts, a detailed 
investigation of  the thickness optimization as well as the optimization of  the 
dye loading time is an essential requirement to improve the performance of  
the cell. As per the previous investigations, thickness optimization and the 
effect of  dye loading time have been observed in a separate investigation. In 
this investigation, we will show the effect of  dye loading time on the DSSC 
performance at various photoelectrode thickness which has not been 
investigated earlier. The prime goal is to observe the optimized conditions of  
photovoltaic parameters in terms of  dye loading time and photoelectrode 
thickness. 

2. Experimental 
2.1 Photoelectrode preparation

Figure 1 
Blade coating arrangement

Photelectrodes were prepared using the conventional Blade coating 
technique. The Blade coating paste was prepared using P25 type TiO2 
precursor in ethanol solvent. Blade coating past is prepared using 3 gm P25 
nanoparticle in 6 ml ethanol solution. The solution was dispersed using an 
electronic homogenizer at 60% amplitude, and one-fourth pulse rate for 5 
min. After the dispersion, the prepared paste was used for preparing the 
photoelectrode using the Blade coating technique. Along with the paste 
preparation, the fluorine-doped tin oxide (FTO) coated glass substrates were 
cleaned in an ultrasonic bath inside methanol solution two times and for 
acetone solution one time. An ultrasonic bath was used for 15 min for this 
cleaning purpose. Each of  the conductive glasses (2×2 cm2) was then dried 
by flowing nitrogen gas. After the nitrogen cleaning process, all the substrates 
were further cleaned by ozone (O3) cleaning. After the cleaning process is 
over, the prepared paste is used to prepare the photoelectrode layer using the 
Blade coating technique. The blade coating arrangement is shown in Fig. 1. 
Three conductive FTO glass substrates were placed onto the Blade coating 
board which was fixed with the polyamide tape. Polyamide tape maintains the 
layer thickness to some extent. The thickness controller screw is adjusted 
properly to get the desired thickness. Before the coating, the paste is poured 
onto the FTO substrate’s front side. Soon after that, the Blade coater is 
moved from front to back one time and from back to front another time to 
complete a single cycle. In this way, the first layer of  metal oxide is prepared. 
After that, the coated layer is dried for a few minutes and the same process is 
repeated a second time. The prepared photoelectrodes are kept for dye 
loading. 

2.2 Dye loading
For preparing the dye solution of  0.5 mM concentration, a 100 ml beaker is 
subsequently cleaned using methanol and ethanol in an ultrasonic bath.  
0.0531 gm of  ruthenium dye N719 is mixed with 90 ml ethanol solution and 
primarily mixed by gentle shaking. For complete dispersion, the solution is 
transferred to a glass bottle whose cover is sealed with paraffin tape and is 
kept in an ultrasonic bath at 45 Hz for 30 min inside the yellow room. In this 
way, the dye solution is ready for the experiment. Now, the prepared 
photoelectrodes emerged into the dye with the help of  a substrate casing. For 
this investigation, the dye loading time was varied for 14, 18, 22, 30, 35, and 
43 hours. During the dye loading, all the substrates inside the dye solution are 
kept in dark. After the estimated time is over, the photoelectrodes were taken 
out from the emerging dye and inserted into the methanol solution with 
gentle shaking to remove the extra dye or unwanted particles. In this way, the 

photoelectrodes were prepared for cell fabrication.   

2.3 Cell fabrication and characterization 
The Pt-coated glass was used as the counter electrode of  the cell. A 50 µm 
thick Polymer film was attached to the counter electrode having a space in 
the middle which provides space as well as encapsulates the electrolyte. The 
liquid electrolyte iodide/triiodide redox (Iodolyte AN-50, Solaronix) was 
carefully injected into that gap between the electrodes by a glass tube injector. 
Both of  the electrodes were fixed with one another using two simple paper 
clips. The active area of  the prepared photoelectrodes was about 4 cm2 
(20×20 mm2) and its thickness was in the range of  10 to 20 µm as measured 
by a surface profilometer (Alpha step 500). Soon after the cell fabrication, the 
current-voltage (I-V) parameters were measured using a solar simulator (100 
mW.cm-2, AM 1.5 illumination) in the air with a cell area of  0.16 cm2 which 
was ensured by a still mask. The photoelectrode surface morphology was 
observed by a Scanning Electron Microscopy (SEM) image which was 
operated at 15 kV of  operating voltage. 

Figure 2 
a) Pt-coated counter electrode, b) Pt-coated counter electrode with iodide/triiodide solution, c) dye-loaded metal 
oxide FTO Photoelectrode, d) complete solar cell arrangement

3.  Results and discussions:
Solar cell performance (I-V data) of  various thicknesses (5 to 30 μm) with 
various dye loading times (10 to 26 h) has been investigated. Various 
performance parameters such as short circuit current density (JSC) of  the cells 
with various thicknesses and dye loading times to find the suitable thickness 
and dye loading time for P25-based DSSC. Additionally, the SEM image has  
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lower dye loading times such as 10 h dye loading the maximum current 
density was found for a 5 μm thick layer cell. By maintaining 10 h dye loading, 
the current density was reduced for all the photoelectrode thickness cells. 
The maximum current density was found for 12 μm cells when the dye 
loading time was 14, 18, and 22 h. When the dye loading time was 26 h, the 
maximum current density was found for the 20 μm thick cell. Therefore, 
from this figure, it is evident that higher thickness requires more optimum 
dye loading time. However, by comparing both dye loading time and 
thickness the 12 μm thickness gives the best current 

Figure 6 
Overall power conversion efficiency for the cells of  various thicknesses under different dye 
loading times

Figure 7 
SEM image of  P25 photoelectrode layer for various thicknesses of  a) 5 μm, b) 12 μm, c) 20 μm, and d) 30 μm

density for 18 h dye loading condition. Again, the open circuit voltage (VOC) 
for various cells under different thicknesses and dye loading times are 
presented in Fig. 4. VOC is higher for the cells having lower photoelectrode 
thickness (except 12 μm thick cell) under various dye loading times. For a 12 
μm cell, the highest open circuit voltage is found for 18 h dye loading time. 
Fig. 5 shows the fill factor data. For the dye loading time of  10, 14, and 18 h 
the fill factor was better for any thickness. Therefore, the dye loading time of  
more than 18 h is not suitable in terms of  the fill factor of  P25-based DSSC. 
Finally, the overall power conversion efficiency (η) data for the cells under 
the above-mentioned conditions of  dye loading time and thickness are 
presented in Fig. 6. Combining all the effects of  thickness and dye loading 
time on the performance parameters of  the cells, the overall power 
conversion efficiency was better for lower thickness (5 and 12 μm) 
photoelectrode cells for thedye loading time of  10, 14, and 18 h. By 
summarizing all the results, the optimum condition is 12 μm and 18 h dye 
loading time for this investigation. Also, the surface morphologies for the 
photoelectrode surface of  various thicknesses are shown in Fig. 7. From the 
image, it is evident that up to 12 μm thickness the photoelectrode layer does 
not have any crack on the surface. On the other hand, a huge amount of  
crack is found for 20 and 30 μm thick layers. The formation of  cracks creates 
air spaces which in turns, reduces the average surface area for the 
dye-loading. Therefore, the average dye loading will reduce. Though, a higher 
thickness offers greater dye loading but the formation of  crack will initiate 
more leakage current which will reduce the overall power conversion. Thus, 
the SEM image supports the I-V data.

4. Conclusion
In this investigation, P25-based dye-sensitized solar cells of  varying thicknesses 
have been fabricated using doctor blade method. For each photoelectrode 
thickness several samples were taken for various dye-loading times. I-V and 
SEM data for the DSSCs of  various thicknesses with varying dye loading time 
confirms that up to 12 μm thickness gives a crack-free stable photoelectrode 
layer. Greater thickness requires more dye loading time to get optimum 
photovoltaic performance. When the photoelectrode thickness is over 12 μm, 
there were several cracks on the photoelectrode surface which causes lower 
photovoltaic performance. Besides, a dye-loading time of  more than 18 h causes 
aggregation of  dye particles which in turn enhances the recombination rate and 
reduces the overall power conversion efficiency of  the cells.  In summary, the 
achieved photovoltaic parameters for the various dye loading times confirm that 
12 μm thickness and 18 h dye loading time are suitable for P25-based DSSC.   
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1. Introduction 
Natural materials available in the earth usually do not show negative effective 
medium properties like, negative permittivity (ε), negative refractive index 
(η), negative permeability (µ) etc. Therefore, it is necessary to design a 
material with negative property artificially. Metamaterial is an artificially 
engineered electromagnetic material that has evolved the problem by 
showing some exotic electromagnetic properties (like, negative permeability, 
negative permittivity etc.) those not naturally found. The properties of  such 
artificial material can be tailored by designing the proper unit cell (atom) of  
the material (Vendik, & Vendik, 2013). Due to the exotic properties, these 
materials can be utilized in many electromagnetic applications like, antenna 

performance enhancement, specific absorption rate (SAR) reduction in 
human body, cloaking operation, absorber design, solar cell design and many 
other applications (Ullah, Islam, & Faruque, 2013; Hossain, Faruque, & 
Islam, 2015; Islam, Faruque, & Islam, 2016; Zhao et. al., 2019; Zhong, 2020; 
Rufangura, & Sabah, 2015). A metamaterial having only negative 
permeability (µ) but with positive permittivity (ε) is called Mu-negative 
(MNG) metamaterial. The metamaterial having positive permeability and 
negative permittivity (-ε) is considered as Epsilon Negative (ENG) 
metamaterial. However, if  a metamaterial having both negative ε and 
negative µ simultaneously in a certain frequency is called Double Negative 
(DNG) metamaterial. ENG metamaterial has good application in forward 
scattering reduction and plasmonic cloak design (Islam, Faruque, & Islam, 
2016). The proper operation of  a good metamaterial can be ensured through 
a good effective medium ratio (EMR). For the proper operation of  a 
meta-atom in the bulk environment, the EMR should be kept over 4 
(Sarkhel, Mitra, Paul, & Chaudhuri, 2015). EMR is the ratio of  applied 
wavelength (λ) to the unit cell width (l).  

Different metamaterial designs were proposed in the literature but very 
few of  those show ENG property with wide band and good EMR. A 
Split-H-shaped metamaterial was proposed which was fabricated on FR-4 
substrate material (Islam, Faruque, & Islam, 2014). The material displayed 
more than 3 GHz negative permittivity bandwidth but the EMR of  the 
material was only 3.65. A circular metamaterial was proposed in a paper that 
had negative permittivity bandwidth nearly about 3GHz but the effective 
medium ratio 5.8. Moreover, the design was complex. They used FR-4 
substrate material (Ramachandran, Faruque, & Ahamed, 2019). An inverse 
double L-shaped metamaterial was proposed, that reveals ENG region nearly 
about 3 GHz but the effective medium ration of  the meta-atom was 3.9 
(Tamim, Faruque, Alam, Islam, & Islam, 2019). A parallel LC-shaped 
metamaterial was constructed on FR-4 material that had negative permittivity 
bandwidth of  1 GHz but effective medium ratio of  the design was 4.52 
(Faruque, Siddiky, Ahamed, Islam, & Abdullah, 2021). Another ENG 
metamaterial was showed recently that exhibits negative region of  permittivity 
of  2.4 GHz but the EMR of  the unit cell was 6. The cell was fabricated on 
FR-4 substrate material (Hossain, Faruque, Alshammari, & Islam, 2022).

This paper, a new ENG metamaterial is being proposed that displays 
more than 3GHz negative permittivity region in the microwave region with 
good effective medium ratio.  Popular computer simulation technology 
(CST) microwave studio software was used for the characterization of  the 
material.
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been analyzed to observe the surface morphology of  the cells. Fig. 3 shows 
the current density of  the cells at various thicknesses under different dye 
loading times. For 

Figure 3 
Current density for the cells of  various thicknesses under different dye loading times 

Figure 4 
Open circuit voltage for the cells of  various thicknesses under different dye loading times

Figure 5 
Fill Factor for the cells of  various thicknesses under different dye loading times



IIUC Journal of  Science and Engineering, Vol.-1, Issue-1, December 2023

26        ISSN: 3005-5873

lower dye loading times such as 10 h dye loading the maximum current 
density was found for a 5 μm thick layer cell. By maintaining 10 h dye loading, 
the current density was reduced for all the photoelectrode thickness cells. 
The maximum current density was found for 12 μm cells when the dye 
loading time was 14, 18, and 22 h. When the dye loading time was 26 h, the 
maximum current density was found for the 20 μm thick cell. Therefore, 
from this figure, it is evident that higher thickness requires more optimum 
dye loading time. However, by comparing both dye loading time and 
thickness the 12 μm thickness gives the best current 

Figure 6 
Overall power conversion efficiency for the cells of  various thicknesses under different dye 
loading times

Figure 7 
SEM image of  P25 photoelectrode layer for various thicknesses of  a) 5 μm, b) 12 μm, c) 20 μm, and d) 30 μm

density for 18 h dye loading condition. Again, the open circuit voltage (VOC) 
for various cells under different thicknesses and dye loading times are 
presented in Fig. 4. VOC is higher for the cells having lower photoelectrode 
thickness (except 12 μm thick cell) under various dye loading times. For a 12 
μm cell, the highest open circuit voltage is found for 18 h dye loading time. 
Fig. 5 shows the fill factor data. For the dye loading time of  10, 14, and 18 h 
the fill factor was better for any thickness. Therefore, the dye loading time of  
more than 18 h is not suitable in terms of  the fill factor of  P25-based DSSC. 
Finally, the overall power conversion efficiency (η) data for the cells under 
the above-mentioned conditions of  dye loading time and thickness are 
presented in Fig. 6. Combining all the effects of  thickness and dye loading 
time on the performance parameters of  the cells, the overall power 
conversion efficiency was better for lower thickness (5 and 12 μm) 
photoelectrode cells for thedye loading time of  10, 14, and 18 h. By 
summarizing all the results, the optimum condition is 12 μm and 18 h dye 
loading time for this investigation. Also, the surface morphologies for the 
photoelectrode surface of  various thicknesses are shown in Fig. 7. From the 
image, it is evident that up to 12 μm thickness the photoelectrode layer does 
not have any crack on the surface. On the other hand, a huge amount of  
crack is found for 20 and 30 μm thick layers. The formation of  cracks creates 
air spaces which in turns, reduces the average surface area for the 
dye-loading. Therefore, the average dye loading will reduce. Though, a higher 
thickness offers greater dye loading but the formation of  crack will initiate 
more leakage current which will reduce the overall power conversion. Thus, 
the SEM image supports the I-V data.

4. Conclusion
In this investigation, P25-based dye-sensitized solar cells of  varying thicknesses 
have been fabricated using doctor blade method. For each photoelectrode 
thickness several samples were taken for various dye-loading times. I-V and 
SEM data for the DSSCs of  various thicknesses with varying dye loading time 
confirms that up to 12 μm thickness gives a crack-free stable photoelectrode 
layer. Greater thickness requires more dye loading time to get optimum 
photovoltaic performance. When the photoelectrode thickness is over 12 μm, 
there were several cracks on the photoelectrode surface which causes lower 
photovoltaic performance. Besides, a dye-loading time of  more than 18 h causes 
aggregation of  dye particles which in turn enhances the recombination rate and 
reduces the overall power conversion efficiency of  the cells.  In summary, the 
achieved photovoltaic parameters for the various dye loading times confirm that 
12 μm thickness and 18 h dye loading time are suitable for P25-based DSSC.   
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1. Introduction 
Natural materials available in the earth usually do not show negative effective 
medium properties like, negative permittivity (ε), negative refractive index 
(η), negative permeability (µ) etc. Therefore, it is necessary to design a 
material with negative property artificially. Metamaterial is an artificially 
engineered electromagnetic material that has evolved the problem by 
showing some exotic electromagnetic properties (like, negative permeability, 
negative permittivity etc.) those not naturally found. The properties of  such 
artificial material can be tailored by designing the proper unit cell (atom) of  
the material (Vendik, & Vendik, 2013). Due to the exotic properties, these 
materials can be utilized in many electromagnetic applications like, antenna 

performance enhancement, specific absorption rate (SAR) reduction in 
human body, cloaking operation, absorber design, solar cell design and many 
other applications (Ullah, Islam, & Faruque, 2013; Hossain, Faruque, & 
Islam, 2015; Islam, Faruque, & Islam, 2016; Zhao et. al., 2019; Zhong, 2020; 
Rufangura, & Sabah, 2015). A metamaterial having only negative 
permeability (µ) but with positive permittivity (ε) is called Mu-negative 
(MNG) metamaterial. The metamaterial having positive permeability and 
negative permittivity (-ε) is considered as Epsilon Negative (ENG) 
metamaterial. However, if  a metamaterial having both negative ε and 
negative µ simultaneously in a certain frequency is called Double Negative 
(DNG) metamaterial. ENG metamaterial has good application in forward 
scattering reduction and plasmonic cloak design (Islam, Faruque, & Islam, 
2016). The proper operation of  a good metamaterial can be ensured through 
a good effective medium ratio (EMR). For the proper operation of  a 
meta-atom in the bulk environment, the EMR should be kept over 4 
(Sarkhel, Mitra, Paul, & Chaudhuri, 2015). EMR is the ratio of  applied 
wavelength (λ) to the unit cell width (l).  

Different metamaterial designs were proposed in the literature but very 
few of  those show ENG property with wide band and good EMR. A 
Split-H-shaped metamaterial was proposed which was fabricated on FR-4 
substrate material (Islam, Faruque, & Islam, 2014). The material displayed 
more than 3 GHz negative permittivity bandwidth but the EMR of  the 
material was only 3.65. A circular metamaterial was proposed in a paper that 
had negative permittivity bandwidth nearly about 3GHz but the effective 
medium ratio 5.8. Moreover, the design was complex. They used FR-4 
substrate material (Ramachandran, Faruque, & Ahamed, 2019). An inverse 
double L-shaped metamaterial was proposed, that reveals ENG region nearly 
about 3 GHz but the effective medium ration of  the meta-atom was 3.9 
(Tamim, Faruque, Alam, Islam, & Islam, 2019). A parallel LC-shaped 
metamaterial was constructed on FR-4 material that had negative permittivity 
bandwidth of  1 GHz but effective medium ratio of  the design was 4.52 
(Faruque, Siddiky, Ahamed, Islam, & Abdullah, 2021). Another ENG 
metamaterial was showed recently that exhibits negative region of  permittivity 
of  2.4 GHz but the EMR of  the unit cell was 6. The cell was fabricated on 
FR-4 substrate material (Hossain, Faruque, Alshammari, & Islam, 2022).

This paper, a new ENG metamaterial is being proposed that displays 
more than 3GHz negative permittivity region in the microwave region with 
good effective medium ratio.  Popular computer simulation technology 
(CST) microwave studio software was used for the characterization of  the 
material.

been analyzed to observe the surface morphology of  the cells. Fig. 3 shows 
the current density of  the cells at various thicknesses under different dye 
loading times. For 

Figure 3 
Current density for the cells of  various thicknesses under different dye loading times 

Figure 4 
Open circuit voltage for the cells of  various thicknesses under different dye loading times

Figure 5 
Fill Factor for the cells of  various thicknesses under different dye loading times
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lower dye loading times such as 10 h dye loading the maximum current 
density was found for a 5 μm thick layer cell. By maintaining 10 h dye loading, 
the current density was reduced for all the photoelectrode thickness cells. 
The maximum current density was found for 12 μm cells when the dye 
loading time was 14, 18, and 22 h. When the dye loading time was 26 h, the 
maximum current density was found for the 20 μm thick cell. Therefore, 
from this figure, it is evident that higher thickness requires more optimum 
dye loading time. However, by comparing both dye loading time and 
thickness the 12 μm thickness gives the best current 

Figure 6 
Overall power conversion efficiency for the cells of  various thicknesses under different dye 
loading times

Figure 7 
SEM image of  P25 photoelectrode layer for various thicknesses of  a) 5 μm, b) 12 μm, c) 20 μm, and d) 30 μm

density for 18 h dye loading condition. Again, the open circuit voltage (VOC) 
for various cells under different thicknesses and dye loading times are 
presented in Fig. 4. VOC is higher for the cells having lower photoelectrode 
thickness (except 12 μm thick cell) under various dye loading times. For a 12 
μm cell, the highest open circuit voltage is found for 18 h dye loading time. 
Fig. 5 shows the fill factor data. For the dye loading time of  10, 14, and 18 h 
the fill factor was better for any thickness. Therefore, the dye loading time of  
more than 18 h is not suitable in terms of  the fill factor of  P25-based DSSC. 
Finally, the overall power conversion efficiency (η) data for the cells under 
the above-mentioned conditions of  dye loading time and thickness are 
presented in Fig. 6. Combining all the effects of  thickness and dye loading 
time on the performance parameters of  the cells, the overall power 
conversion efficiency was better for lower thickness (5 and 12 μm) 
photoelectrode cells for thedye loading time of  10, 14, and 18 h. By 
summarizing all the results, the optimum condition is 12 μm and 18 h dye 
loading time for this investigation. Also, the surface morphologies for the 
photoelectrode surface of  various thicknesses are shown in Fig. 7. From the 
image, it is evident that up to 12 μm thickness the photoelectrode layer does 
not have any crack on the surface. On the other hand, a huge amount of  
crack is found for 20 and 30 μm thick layers. The formation of  cracks creates 
air spaces which in turns, reduces the average surface area for the 
dye-loading. Therefore, the average dye loading will reduce. Though, a higher 
thickness offers greater dye loading but the formation of  crack will initiate 
more leakage current which will reduce the overall power conversion. Thus, 
the SEM image supports the I-V data.

4. Conclusion
In this investigation, P25-based dye-sensitized solar cells of  varying thicknesses 
have been fabricated using doctor blade method. For each photoelectrode 
thickness several samples were taken for various dye-loading times. I-V and 
SEM data for the DSSCs of  various thicknesses with varying dye loading time 
confirms that up to 12 μm thickness gives a crack-free stable photoelectrode 
layer. Greater thickness requires more dye loading time to get optimum 
photovoltaic performance. When the photoelectrode thickness is over 12 μm, 
there were several cracks on the photoelectrode surface which causes lower 
photovoltaic performance. Besides, a dye-loading time of  more than 18 h causes 
aggregation of  dye particles which in turn enhances the recombination rate and 
reduces the overall power conversion efficiency of  the cells.  In summary, the 
achieved photovoltaic parameters for the various dye loading times confirm that 
12 μm thickness and 18 h dye loading time are suitable for P25-based DSSC.   
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1. Introduction 
Natural materials available in the earth usually do not show negative effective 
medium properties like, negative permittivity (ε), negative refractive index 
(η), negative permeability (µ) etc. Therefore, it is necessary to design a 
material with negative property artificially. Metamaterial is an artificially 
engineered electromagnetic material that has evolved the problem by 
showing some exotic electromagnetic properties (like, negative permeability, 
negative permittivity etc.) those not naturally found. The properties of  such 
artificial material can be tailored by designing the proper unit cell (atom) of  
the material (Vendik, & Vendik, 2013). Due to the exotic properties, these 
materials can be utilized in many electromagnetic applications like, antenna 

performance enhancement, specific absorption rate (SAR) reduction in 
human body, cloaking operation, absorber design, solar cell design and many 
other applications (Ullah, Islam, & Faruque, 2013; Hossain, Faruque, & 
Islam, 2015; Islam, Faruque, & Islam, 2016; Zhao et. al., 2019; Zhong, 2020; 
Rufangura, & Sabah, 2015). A metamaterial having only negative 
permeability (µ) but with positive permittivity (ε) is called Mu-negative 
(MNG) metamaterial. The metamaterial having positive permeability and 
negative permittivity (-ε) is considered as Epsilon Negative (ENG) 
metamaterial. However, if  a metamaterial having both negative ε and 
negative µ simultaneously in a certain frequency is called Double Negative 
(DNG) metamaterial. ENG metamaterial has good application in forward 
scattering reduction and plasmonic cloak design (Islam, Faruque, & Islam, 
2016). The proper operation of  a good metamaterial can be ensured through 
a good effective medium ratio (EMR). For the proper operation of  a 
meta-atom in the bulk environment, the EMR should be kept over 4 
(Sarkhel, Mitra, Paul, & Chaudhuri, 2015). EMR is the ratio of  applied 
wavelength (λ) to the unit cell width (l).  

Different metamaterial designs were proposed in the literature but very 
few of  those show ENG property with wide band and good EMR. A 
Split-H-shaped metamaterial was proposed which was fabricated on FR-4 
substrate material (Islam, Faruque, & Islam, 2014). The material displayed 
more than 3 GHz negative permittivity bandwidth but the EMR of  the 
material was only 3.65. A circular metamaterial was proposed in a paper that 
had negative permittivity bandwidth nearly about 3GHz but the effective 
medium ratio 5.8. Moreover, the design was complex. They used FR-4 
substrate material (Ramachandran, Faruque, & Ahamed, 2019). An inverse 
double L-shaped metamaterial was proposed, that reveals ENG region nearly 
about 3 GHz but the effective medium ration of  the meta-atom was 3.9 
(Tamim, Faruque, Alam, Islam, & Islam, 2019). A parallel LC-shaped 
metamaterial was constructed on FR-4 material that had negative permittivity 
bandwidth of  1 GHz but effective medium ratio of  the design was 4.52 
(Faruque, Siddiky, Ahamed, Islam, & Abdullah, 2021). Another ENG 
metamaterial was showed recently that exhibits negative region of  permittivity 
of  2.4 GHz but the EMR of  the unit cell was 6. The cell was fabricated on 
FR-4 substrate material (Hossain, Faruque, Alshammari, & Islam, 2022).

This paper, a new ENG metamaterial is being proposed that displays 
more than 3GHz negative permittivity region in the microwave region with 
good effective medium ratio.  Popular computer simulation technology 
(CST) microwave studio software was used for the characterization of  the 
material.

been analyzed to observe the surface morphology of  the cells. Fig. 3 shows 
the current density of  the cells at various thicknesses under different dye 
loading times. For 

Figure 3 
Current density for the cells of  various thicknesses under different dye loading times 

Figure 4 
Open circuit voltage for the cells of  various thicknesses under different dye loading times

Figure 5 
Fill Factor for the cells of  various thicknesses under different dye loading times
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lower dye loading times such as 10 h dye loading the maximum current 
density was found for a 5 μm thick layer cell. By maintaining 10 h dye loading, 
the current density was reduced for all the photoelectrode thickness cells. 
The maximum current density was found for 12 μm cells when the dye 
loading time was 14, 18, and 22 h. When the dye loading time was 26 h, the 
maximum current density was found for the 20 μm thick cell. Therefore, 
from this figure, it is evident that higher thickness requires more optimum 
dye loading time. However, by comparing both dye loading time and 
thickness the 12 μm thickness gives the best current 

Figure 6 
Overall power conversion efficiency for the cells of  various thicknesses under different dye 
loading times

Figure 7 
SEM image of  P25 photoelectrode layer for various thicknesses of  a) 5 μm, b) 12 μm, c) 20 μm, and d) 30 μm

density for 18 h dye loading condition. Again, the open circuit voltage (VOC) 
for various cells under different thicknesses and dye loading times are 
presented in Fig. 4. VOC is higher for the cells having lower photoelectrode 
thickness (except 12 μm thick cell) under various dye loading times. For a 12 
μm cell, the highest open circuit voltage is found for 18 h dye loading time. 
Fig. 5 shows the fill factor data. For the dye loading time of  10, 14, and 18 h 
the fill factor was better for any thickness. Therefore, the dye loading time of  
more than 18 h is not suitable in terms of  the fill factor of  P25-based DSSC. 
Finally, the overall power conversion efficiency (η) data for the cells under 
the above-mentioned conditions of  dye loading time and thickness are 
presented in Fig. 6. Combining all the effects of  thickness and dye loading 
time on the performance parameters of  the cells, the overall power 
conversion efficiency was better for lower thickness (5 and 12 μm) 
photoelectrode cells for thedye loading time of  10, 14, and 18 h. By 
summarizing all the results, the optimum condition is 12 μm and 18 h dye 
loading time for this investigation. Also, the surface morphologies for the 
photoelectrode surface of  various thicknesses are shown in Fig. 7. From the 
image, it is evident that up to 12 μm thickness the photoelectrode layer does 
not have any crack on the surface. On the other hand, a huge amount of  
crack is found for 20 and 30 μm thick layers. The formation of  cracks creates 
air spaces which in turns, reduces the average surface area for the 
dye-loading. Therefore, the average dye loading will reduce. Though, a higher 
thickness offers greater dye loading but the formation of  crack will initiate 
more leakage current which will reduce the overall power conversion. Thus, 
the SEM image supports the I-V data.

4. Conclusion
In this investigation, P25-based dye-sensitized solar cells of  varying thicknesses 
have been fabricated using doctor blade method. For each photoelectrode 
thickness several samples were taken for various dye-loading times. I-V and 
SEM data for the DSSCs of  various thicknesses with varying dye loading time 
confirms that up to 12 μm thickness gives a crack-free stable photoelectrode 
layer. Greater thickness requires more dye loading time to get optimum 
photovoltaic performance. When the photoelectrode thickness is over 12 μm, 
there were several cracks on the photoelectrode surface which causes lower 
photovoltaic performance. Besides, a dye-loading time of  more than 18 h causes 
aggregation of  dye particles which in turn enhances the recombination rate and 
reduces the overall power conversion efficiency of  the cells.  In summary, the 
achieved photovoltaic parameters for the various dye loading times confirm that 
12 μm thickness and 18 h dye loading time are suitable for P25-based DSSC.   
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1. Introduction 
Natural materials available in the earth usually do not show negative effective 
medium properties like, negative permittivity (ε), negative refractive index 
(η), negative permeability (µ) etc. Therefore, it is necessary to design a 
material with negative property artificially. Metamaterial is an artificially 
engineered electromagnetic material that has evolved the problem by 
showing some exotic electromagnetic properties (like, negative permeability, 
negative permittivity etc.) those not naturally found. The properties of  such 
artificial material can be tailored by designing the proper unit cell (atom) of  
the material (Vendik, & Vendik, 2013). Due to the exotic properties, these 
materials can be utilized in many electromagnetic applications like, antenna 

performance enhancement, specific absorption rate (SAR) reduction in 
human body, cloaking operation, absorber design, solar cell design and many 
other applications (Ullah, Islam, & Faruque, 2013; Hossain, Faruque, & 
Islam, 2015; Islam, Faruque, & Islam, 2016; Zhao et. al., 2019; Zhong, 2020; 
Rufangura, & Sabah, 2015). A metamaterial having only negative 
permeability (µ) but with positive permittivity (ε) is called Mu-negative 
(MNG) metamaterial. The metamaterial having positive permeability and 
negative permittivity (-ε) is considered as Epsilon Negative (ENG) 
metamaterial. However, if  a metamaterial having both negative ε and 
negative µ simultaneously in a certain frequency is called Double Negative 
(DNG) metamaterial. ENG metamaterial has good application in forward 
scattering reduction and plasmonic cloak design (Islam, Faruque, & Islam, 
2016). The proper operation of  a good metamaterial can be ensured through 
a good effective medium ratio (EMR). For the proper operation of  a 
meta-atom in the bulk environment, the EMR should be kept over 4 
(Sarkhel, Mitra, Paul, & Chaudhuri, 2015). EMR is the ratio of  applied 
wavelength (λ) to the unit cell width (l).  

Different metamaterial designs were proposed in the literature but very 
few of  those show ENG property with wide band and good EMR. A 
Split-H-shaped metamaterial was proposed which was fabricated on FR-4 
substrate material (Islam, Faruque, & Islam, 2014). The material displayed 
more than 3 GHz negative permittivity bandwidth but the EMR of  the 
material was only 3.65. A circular metamaterial was proposed in a paper that 
had negative permittivity bandwidth nearly about 3GHz but the effective 
medium ratio 5.8. Moreover, the design was complex. They used FR-4 
substrate material (Ramachandran, Faruque, & Ahamed, 2019). An inverse 
double L-shaped metamaterial was proposed, that reveals ENG region nearly 
about 3 GHz but the effective medium ration of  the meta-atom was 3.9 
(Tamim, Faruque, Alam, Islam, & Islam, 2019). A parallel LC-shaped 
metamaterial was constructed on FR-4 material that had negative permittivity 
bandwidth of  1 GHz but effective medium ratio of  the design was 4.52 
(Faruque, Siddiky, Ahamed, Islam, & Abdullah, 2021). Another ENG 
metamaterial was showed recently that exhibits negative region of  permittivity 
of  2.4 GHz but the EMR of  the unit cell was 6. The cell was fabricated on 
FR-4 substrate material (Hossain, Faruque, Alshammari, & Islam, 2022).

This paper, a new ENG metamaterial is being proposed that displays 
more than 3GHz negative permittivity region in the microwave region with 
good effective medium ratio.  Popular computer simulation technology 
(CST) microwave studio software was used for the characterization of  the 
material.

been analyzed to observe the surface morphology of  the cells. Fig. 3 shows 
the current density of  the cells at various thicknesses under different dye 
loading times. For 

Figure 3 
Current density for the cells of  various thicknesses under different dye loading times 

Figure 4 
Open circuit voltage for the cells of  various thicknesses under different dye loading times

Figure 5 
Fill Factor for the cells of  various thicknesses under different dye loading times
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lower dye loading times such as 10 h dye loading the maximum current 
density was found for a 5 μm thick layer cell. By maintaining 10 h dye loading, 
the current density was reduced for all the photoelectrode thickness cells. 
The maximum current density was found for 12 μm cells when the dye 
loading time was 14, 18, and 22 h. When the dye loading time was 26 h, the 
maximum current density was found for the 20 μm thick cell. Therefore, 
from this figure, it is evident that higher thickness requires more optimum 
dye loading time. However, by comparing both dye loading time and 
thickness the 12 μm thickness gives the best current 

Figure 6 
Overall power conversion efficiency for the cells of  various thicknesses under different dye 
loading times

Figure 7 
SEM image of  P25 photoelectrode layer for various thicknesses of  a) 5 μm, b) 12 μm, c) 20 μm, and d) 30 μm

density for 18 h dye loading condition. Again, the open circuit voltage (VOC) 
for various cells under different thicknesses and dye loading times are 
presented in Fig. 4. VOC is higher for the cells having lower photoelectrode 
thickness (except 12 μm thick cell) under various dye loading times. For a 12 
μm cell, the highest open circuit voltage is found for 18 h dye loading time. 
Fig. 5 shows the fill factor data. For the dye loading time of  10, 14, and 18 h 
the fill factor was better for any thickness. Therefore, the dye loading time of  
more than 18 h is not suitable in terms of  the fill factor of  P25-based DSSC. 
Finally, the overall power conversion efficiency (η) data for the cells under 
the above-mentioned conditions of  dye loading time and thickness are 
presented in Fig. 6. Combining all the effects of  thickness and dye loading 
time on the performance parameters of  the cells, the overall power 
conversion efficiency was better for lower thickness (5 and 12 μm) 
photoelectrode cells for thedye loading time of  10, 14, and 18 h. By 
summarizing all the results, the optimum condition is 12 μm and 18 h dye 
loading time for this investigation. Also, the surface morphologies for the 
photoelectrode surface of  various thicknesses are shown in Fig. 7. From the 
image, it is evident that up to 12 μm thickness the photoelectrode layer does 
not have any crack on the surface. On the other hand, a huge amount of  
crack is found for 20 and 30 μm thick layers. The formation of  cracks creates 
air spaces which in turns, reduces the average surface area for the 
dye-loading. Therefore, the average dye loading will reduce. Though, a higher 
thickness offers greater dye loading but the formation of  crack will initiate 
more leakage current which will reduce the overall power conversion. Thus, 
the SEM image supports the I-V data.

4. Conclusion
In this investigation, P25-based dye-sensitized solar cells of  varying thicknesses 
have been fabricated using doctor blade method. For each photoelectrode 
thickness several samples were taken for various dye-loading times. I-V and 
SEM data for the DSSCs of  various thicknesses with varying dye loading time 
confirms that up to 12 μm thickness gives a crack-free stable photoelectrode 
layer. Greater thickness requires more dye loading time to get optimum 
photovoltaic performance. When the photoelectrode thickness is over 12 μm, 
there were several cracks on the photoelectrode surface which causes lower 
photovoltaic performance. Besides, a dye-loading time of  more than 18 h causes 
aggregation of  dye particles which in turn enhances the recombination rate and 
reduces the overall power conversion efficiency of  the cells.  In summary, the 
achieved photovoltaic parameters for the various dye loading times confirm that 
12 μm thickness and 18 h dye loading time are suitable for P25-based DSSC.   
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1. Introduction 
Natural materials available in the earth usually do not show negative effective 
medium properties like, negative permittivity (ε), negative refractive index 
(η), negative permeability (µ) etc. Therefore, it is necessary to design a 
material with negative property artificially. Metamaterial is an artificially 
engineered electromagnetic material that has evolved the problem by 
showing some exotic electromagnetic properties (like, negative permeability, 
negative permittivity etc.) those not naturally found. The properties of  such 
artificial material can be tailored by designing the proper unit cell (atom) of  
the material (Vendik, & Vendik, 2013). Due to the exotic properties, these 
materials can be utilized in many electromagnetic applications like, antenna 

performance enhancement, specific absorption rate (SAR) reduction in 
human body, cloaking operation, absorber design, solar cell design and many 
other applications (Ullah, Islam, & Faruque, 2013; Hossain, Faruque, & 
Islam, 2015; Islam, Faruque, & Islam, 2016; Zhao et. al., 2019; Zhong, 2020; 
Rufangura, & Sabah, 2015). A metamaterial having only negative 
permeability (µ) but with positive permittivity (ε) is called Mu-negative 
(MNG) metamaterial. The metamaterial having positive permeability and 
negative permittivity (-ε) is considered as Epsilon Negative (ENG) 
metamaterial. However, if  a metamaterial having both negative ε and 
negative µ simultaneously in a certain frequency is called Double Negative 
(DNG) metamaterial. ENG metamaterial has good application in forward 
scattering reduction and plasmonic cloak design (Islam, Faruque, & Islam, 
2016). The proper operation of  a good metamaterial can be ensured through 
a good effective medium ratio (EMR). For the proper operation of  a 
meta-atom in the bulk environment, the EMR should be kept over 4 
(Sarkhel, Mitra, Paul, & Chaudhuri, 2015). EMR is the ratio of  applied 
wavelength (λ) to the unit cell width (l).  

Different metamaterial designs were proposed in the literature but very 
few of  those show ENG property with wide band and good EMR. A 
Split-H-shaped metamaterial was proposed which was fabricated on FR-4 
substrate material (Islam, Faruque, & Islam, 2014). The material displayed 
more than 3 GHz negative permittivity bandwidth but the EMR of  the 
material was only 3.65. A circular metamaterial was proposed in a paper that 
had negative permittivity bandwidth nearly about 3GHz but the effective 
medium ratio 5.8. Moreover, the design was complex. They used FR-4 
substrate material (Ramachandran, Faruque, & Ahamed, 2019). An inverse 
double L-shaped metamaterial was proposed, that reveals ENG region nearly 
about 3 GHz but the effective medium ration of  the meta-atom was 3.9 
(Tamim, Faruque, Alam, Islam, & Islam, 2019). A parallel LC-shaped 
metamaterial was constructed on FR-4 material that had negative permittivity 
bandwidth of  1 GHz but effective medium ratio of  the design was 4.52 
(Faruque, Siddiky, Ahamed, Islam, & Abdullah, 2021). Another ENG 
metamaterial was showed recently that exhibits negative region of  permittivity 
of  2.4 GHz but the EMR of  the unit cell was 6. The cell was fabricated on 
FR-4 substrate material (Hossain, Faruque, Alshammari, & Islam, 2022).

This paper, a new ENG metamaterial is being proposed that displays 
more than 3GHz negative permittivity region in the microwave region with 
good effective medium ratio.  Popular computer simulation technology 
(CST) microwave studio software was used for the characterization of  the 
material.

been analyzed to observe the surface morphology of  the cells. Fig. 3 shows 
the current density of  the cells at various thicknesses under different dye 
loading times. For 
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Current density for the cells of  various thicknesses under different dye loading times 

Figure 4 
Open circuit voltage for the cells of  various thicknesses under different dye loading times

Figure 5 
Fill Factor for the cells of  various thicknesses under different dye loading times
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lower dye loading times such as 10 h dye loading the maximum current 
density was found for a 5 μm thick layer cell. By maintaining 10 h dye loading, 
the current density was reduced for all the photoelectrode thickness cells. 
The maximum current density was found for 12 μm cells when the dye 
loading time was 14, 18, and 22 h. When the dye loading time was 26 h, the 
maximum current density was found for the 20 μm thick cell. Therefore, 
from this figure, it is evident that higher thickness requires more optimum 
dye loading time. However, by comparing both dye loading time and 
thickness the 12 μm thickness gives the best current 

Figure 6 
Overall power conversion efficiency for the cells of  various thicknesses under different dye 
loading times

Figure 7 
SEM image of  P25 photoelectrode layer for various thicknesses of  a) 5 μm, b) 12 μm, c) 20 μm, and d) 30 μm

density for 18 h dye loading condition. Again, the open circuit voltage (VOC) 
for various cells under different thicknesses and dye loading times are 
presented in Fig. 4. VOC is higher for the cells having lower photoelectrode 
thickness (except 12 μm thick cell) under various dye loading times. For a 12 
μm cell, the highest open circuit voltage is found for 18 h dye loading time. 
Fig. 5 shows the fill factor data. For the dye loading time of  10, 14, and 18 h 
the fill factor was better for any thickness. Therefore, the dye loading time of  
more than 18 h is not suitable in terms of  the fill factor of  P25-based DSSC. 
Finally, the overall power conversion efficiency (η) data for the cells under 
the above-mentioned conditions of  dye loading time and thickness are 
presented in Fig. 6. Combining all the effects of  thickness and dye loading 
time on the performance parameters of  the cells, the overall power 
conversion efficiency was better for lower thickness (5 and 12 μm) 
photoelectrode cells for thedye loading time of  10, 14, and 18 h. By 
summarizing all the results, the optimum condition is 12 μm and 18 h dye 
loading time for this investigation. Also, the surface morphologies for the 
photoelectrode surface of  various thicknesses are shown in Fig. 7. From the 
image, it is evident that up to 12 μm thickness the photoelectrode layer does 
not have any crack on the surface. On the other hand, a huge amount of  
crack is found for 20 and 30 μm thick layers. The formation of  cracks creates 
air spaces which in turns, reduces the average surface area for the 
dye-loading. Therefore, the average dye loading will reduce. Though, a higher 
thickness offers greater dye loading but the formation of  crack will initiate 
more leakage current which will reduce the overall power conversion. Thus, 
the SEM image supports the I-V data.

4. Conclusion
In this investigation, P25-based dye-sensitized solar cells of  varying thicknesses 
have been fabricated using doctor blade method. For each photoelectrode 
thickness several samples were taken for various dye-loading times. I-V and 
SEM data for the DSSCs of  various thicknesses with varying dye loading time 
confirms that up to 12 μm thickness gives a crack-free stable photoelectrode 
layer. Greater thickness requires more dye loading time to get optimum 
photovoltaic performance. When the photoelectrode thickness is over 12 μm, 
there were several cracks on the photoelectrode surface which causes lower 
photovoltaic performance. Besides, a dye-loading time of  more than 18 h causes 
aggregation of  dye particles which in turn enhances the recombination rate and 
reduces the overall power conversion efficiency of  the cells.  In summary, the 
achieved photovoltaic parameters for the various dye loading times confirm that 
12 μm thickness and 18 h dye loading time are suitable for P25-based DSSC.   
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1. Introduction 
Natural materials available in the earth usually do not show negative effective 
medium properties like, negative permittivity (ε), negative refractive index 
(η), negative permeability (µ) etc. Therefore, it is necessary to design a 
material with negative property artificially. Metamaterial is an artificially 
engineered electromagnetic material that has evolved the problem by 
showing some exotic electromagnetic properties (like, negative permeability, 
negative permittivity etc.) those not naturally found. The properties of  such 
artificial material can be tailored by designing the proper unit cell (atom) of  
the material (Vendik, & Vendik, 2013). Due to the exotic properties, these 
materials can be utilized in many electromagnetic applications like, antenna 

performance enhancement, specific absorption rate (SAR) reduction in 
human body, cloaking operation, absorber design, solar cell design and many 
other applications (Ullah, Islam, & Faruque, 2013; Hossain, Faruque, & 
Islam, 2015; Islam, Faruque, & Islam, 2016; Zhao et. al., 2019; Zhong, 2020; 
Rufangura, & Sabah, 2015). A metamaterial having only negative 
permeability (µ) but with positive permittivity (ε) is called Mu-negative 
(MNG) metamaterial. The metamaterial having positive permeability and 
negative permittivity (-ε) is considered as Epsilon Negative (ENG) 
metamaterial. However, if  a metamaterial having both negative ε and 
negative µ simultaneously in a certain frequency is called Double Negative 
(DNG) metamaterial. ENG metamaterial has good application in forward 
scattering reduction and plasmonic cloak design (Islam, Faruque, & Islam, 
2016). The proper operation of  a good metamaterial can be ensured through 
a good effective medium ratio (EMR). For the proper operation of  a 
meta-atom in the bulk environment, the EMR should be kept over 4 
(Sarkhel, Mitra, Paul, & Chaudhuri, 2015). EMR is the ratio of  applied 
wavelength (λ) to the unit cell width (l).  

Different metamaterial designs were proposed in the literature but very 
few of  those show ENG property with wide band and good EMR. A 
Split-H-shaped metamaterial was proposed which was fabricated on FR-4 
substrate material (Islam, Faruque, & Islam, 2014). The material displayed 
more than 3 GHz negative permittivity bandwidth but the EMR of  the 
material was only 3.65. A circular metamaterial was proposed in a paper that 
had negative permittivity bandwidth nearly about 3GHz but the effective 
medium ratio 5.8. Moreover, the design was complex. They used FR-4 
substrate material (Ramachandran, Faruque, & Ahamed, 2019). An inverse 
double L-shaped metamaterial was proposed, that reveals ENG region nearly 
about 3 GHz but the effective medium ration of  the meta-atom was 3.9 
(Tamim, Faruque, Alam, Islam, & Islam, 2019). A parallel LC-shaped 
metamaterial was constructed on FR-4 material that had negative permittivity 
bandwidth of  1 GHz but effective medium ratio of  the design was 4.52 
(Faruque, Siddiky, Ahamed, Islam, & Abdullah, 2021). Another ENG 
metamaterial was showed recently that exhibits negative region of  permittivity 
of  2.4 GHz but the EMR of  the unit cell was 6. The cell was fabricated on 
FR-4 substrate material (Hossain, Faruque, Alshammari, & Islam, 2022).

This paper, a new ENG metamaterial is being proposed that displays 
more than 3GHz negative permittivity region in the microwave region with 
good effective medium ratio.  Popular computer simulation technology 
(CST) microwave studio software was used for the characterization of  the 
material.

been analyzed to observe the surface morphology of  the cells. Fig. 3 shows 
the current density of  the cells at various thicknesses under different dye 
loading times. For 

Figure 3 
Current density for the cells of  various thicknesses under different dye loading times 

Figure 4 
Open circuit voltage for the cells of  various thicknesses under different dye loading times

Figure 5 
Fill Factor for the cells of  various thicknesses under different dye loading times


