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ABSTRACT: 

In this project, it is proposed to synthesize and fabricate 

Anti-Reflective Coating for Solar Cells by using high 

reproducibility, low material wastage, low 

contamination growth technique such as E-Beam 

deposition and synthesize using cost effective and easy 

processed Top-Down Approach Ball Mill for Niobium 

Titanate to regain its anatase phase. Hence, to prove the 

high transmittance, low absorbability and good 

conductivity which can compensate the existing 

standard solar cell. The composite was analyzed by 

XRD, UV Visible spectrometer, FESEM and EDX. Thin 

film that was deposited is characterized by FESEM, 

Four Probe Test method and AFM. XRD results were 

analyzed by using MATCH3! Software, confirmed by 

comparing the standard JCPD data to figured out the 

Crystalline Size, Composition, Phase, Structure and 

density. UV Spectrophotometer gives Absorbance, 

Transmittance, Reflectance and Bandgap while AFM 

yields Surface Roughness, Thickness, Topology, 

Morphology. To check the grain size topography, 

dislocations cracks in the films FESEM was used. 

Elemental composition informs the percentage of 

elements present in the given sample. Niobium Titanate 

is synthesized with different molar ratios of Niobium 

dioxide doped in titanium dioxide and ball milled at 3hr, 

4hr, 5hr and all these samples was annealed at 500
0
C 

for an hour for perfect stoichiometry. The synthesized 

powder is made into a pellet and fabricated by high 

vacuum at 10
-6

mbar rate of deposition of ~ (7-10) n/S 

with thickness of 100nm on Si, FTO, Glass using E-

Beam deposition technique. 

1. Introduction:  

Dye-sensitized solar cells (DSSCs) have received great 

attention due to the low cost and ease of its fabrication 

process as well as its high power conversion efficiency 

[1, 2]. A typical DSSC consists of multiple components 

i.e. transpiring conducting glass which usually utilizes 

fluorine-doped tin oxide (FTO) or indium-doped tin oxide 

(ITO), mesoporous metal oxide layer developed from 

TiO2that acts as photoanode, sensitizers (dye molecules), 

electrolyte (iodide-tri iodide electrolyte is mostly used) 

and counter electrode. There are several ways to enhance 

the performance of DSSCs including increasing light 

harvesting capabilities which can be achieved with good 

surface area and absorption of broader range of solar light 

[3], increasing the electron injection speed by improving 

the electron injection over potential [4, 5], moving the 

redox couple Fermi level (EF) to enhance the dye 

regeneration rate [6, 7], enhancing the lifetime of 

electrons by retarding the probability of charge  
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recombination [8] and improving the charge transfer rate 

in TiO2[9, 10]. The energy conversion efficiency of 

DSSCs is determined by the performance of its 

photoanode. The photoanode supports the sensitizer 

loading and transfers the photo-excited electrons from the 

sensitizers to the external circuit. Thus, a large surface 

area is required to ensure high dye loading. TiO2 

(anatase)has been widely used as photoanode to ensure 

the transfer of photo-excited electrons. Due to its 

outstanding optical and electrical properties, TiO2 has 

been extensively investigated as one of the most 

promising wide band gap semiconducting materials in 

photocatalysis [11, 12] and photovoltaic applications 

[13]. For instance, TiO2 with large surface areas are often 

employed in DSSC [14, 15]. However, its polycrystalline 

structure results in disordered networks that impede 

charge transport and lead to the recombination of photo-

generated electrons and holes [16]. As a result, single-

crystal TiO2 is preferred as it can provide direct electrical 

pathways for photo-generated charges and avoid electron 

scattering or trapping [17]. When electron transport is 

oriented, the DSSCs can enhance performance in 

photoelectric conversion Modification of photoanode in 

previous studies using TiO2 based photoanodes has 

shown that doping with various metals could enhance 

some of the photovoltaic properties of the cell [18]. There 

are three main advantages of doping the TiO2 

semiconductor in DSSCs i.e. reduction in band gap which 

increases the efficiency, reduction in photocatalytic 

activity of DSSCs and reduction in recombination. Xiang 

et al. [19] reported the negative shifting of TiO2 

conduction band (CB) as a result of tantalum (Ta) doping; 

this was due to an increase in open circuit voltage (Voc) 

which increased the energy conversion efficiency. Kim et 

al. [20] reported improvements in photoelectric 

performance of DSSCs using chromium (Cr)-doped TiO2 

semiconductor as photoanode. Zalas et al. [21] studied the 

influence of rare earth metal doping on the performance 

of DSSCs; these modified electrodes prevented back 

transfer of electrons and enhanced dye absorption ability. 

Lu et al. [9] and Nikolay et al. [22] synthesized niobium 

(Nb)-doped TiO2 using the co-hydrolysis method and 

found an improvement in electron injection and transport 

due to the increase in electrical conductivity, shift of EF 

and conduction band minimum (CBM). However, it is 

difficult to obtain high crystallinity and size uniformity 

using the cohydrolysis method; besides that, it also 

inevitably generates structural defects in TiO2 which 

affects the electron injection and transportation [23]. 

Doping via the co-hydrolysis method also tends to cause 

deep dopants energy which may not be available for 

electron injection and transportation. Moreover, the 

preparation of Nb-doped TiO2 using the co-hydrolysis 

method is expensive and niobium chloride (NbCl5) is 

unstable and not suitable for use in mass production [9]. 

Much research has been conducted on the photovoltaic 

performance of Nb-doped TiO2 photoanode but its 

fabrication using the solid statemethod has not been 

reported. Fabrication using the solid state method tends to 

produce a homogeneous powder with high crystallinity 

structure and is less complicated compared to the co-

hydrolysis method. Another important part of DSSC is 

the sensitizer. The sensitizer is the central component in 

DSSC as it harvests sunlight and produces photo-excited 

electrons at the semiconductor interface. There are 

several requirements for the sensitizer to perform 

efficiently i.e. chemically adsorbed group to load on the 

semiconducting material, high molar extinction 

coefficients in the visible and near-infrared region for 

light harvesting, and good photostability and solubility to 

create space between the electrolyte and photoanode for 

recombination prevention [24].Various metal complexes 

and organic dyes have been utilized as sensitizers and the 

best, to date, is ruthenium-bipyridyl dyes (N719) which 

display a high energy conversion efficiency of about 11% 

[25]. In conventional DSSC, ruthenium complexes are the 

best known,most effective and proven sensitizers. 

However, ruthenium dye is complicated to synthesize, 

expensive and not environmentally friendly because of its 

high toxicity [26-27]. Therefore, a search for novel and 

alternative dye-sensitizers,especially from natural 

sources, has become the focus for many researchers [28]; 

organic dyes containing anthocyanin pigment which is 

suitable for DSSC applications were extracted from 

different parts such as the leaves, flowers, fruits and barks 

of various plants [29-31]. The present work is devoted to 
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Nb-doped TiO2 prepared using the solid-state method and 

its use as a photoanode with dye extracted from E. 

conferta as sensitizer. E. Conferta was selected as the 

sensitizer in this study due to its high acidity and high 

anthocyanin pigment content which converts light energy 

into electrical energy. The solid state method is a better 

approach due to the ease in fabrication as it avoids 

processes such as pH control and temperature and 

chemical preparation, and the provision of high sample 

crystallinity. These advantages induce electron injection 

and transportation,hence increases the photovoltaic 

performance. The mechanism provided by Nb doping 

with E. conferta as sensitizer was also investigated based 

on phase analysis, surface morphology, and electronic 

and optical behaviors.  

 

2. Experimental Procedure: 

2.1. Preparation of Natural Dye Sensitizers 

The flesh of E. conferta fruits were separated from the 

seed and completely dried at room temperature. The flesh 

was crushed to powder form using a mortar. 50 g of the 

powder was put into a beaker, added with 500 ml ethanol 

(1:10) and stirred. The mixture was left for 24 hours in 

the dark at room temperature. The solid residues of the 

mixture were filtered out to obtain a pure and clear 

natural dye solution. Further details on the E. conferta dye 

characterization results can be found in our previous work 

[32].   

 

2.2. Preparation of Nb-doped TiO2:  

TiO2 doped with 0-2.5 wt% of Nb were synthesized via 

the solid state method. The mixture was prepared using 

the ball mixing method. The mixture was filled into 250 

ml polyethelene containers with zirconia balls with a ball 

to powder weight ratio of 10:1. Zirconia balls were used 

as a mixing media due to its high degree of hardness and 

to minimize contamination. The containers were placed 

on the ball mixing roller and mixed for 6 hours at 120 

rpm and annealed at 600 °C for 6 hours.  

 

2.3. Preparation of Photoanode and Assembly of 

DSSCs:  

FTO conductive glass with a sheet resistance of ~7Ω/cm2 

was cleaned in a detergent solution, rinsed using 

deionized water and ethanol and then dried. TiO2 paste 

was prepared with 0.3 g of TiO2, 0.5 ml acetic acid, 1:1 (5 

ml) mixture of deionized water and ethanol and was 

ground for 20 minutes. Trition–X was added (0.5 ml) to 

the mixture and continued to be ground until a 

homogenous paste was achieved. The TiO2 pastes were 

deposited onto FTO glass using the doctor blade 

technique. The coated films were sintered at 450 °C for 

30 minutes. The same method was applied for the 1 wt%, 

1.5wt%, 2wt% and 2.5 wt% Nb-doped TiO2, respectively. 

The sintered photoanode electrodes were immersed in E. 

Conferta dye solution for 24 hours at room temperature. 

The sensitized electrodes were rinsed using ethanol to 

remove unanchored dye. The counter electrode was 

obtained according to methods employed in previous 

work [32]. A drop of redox electrolyte was cast on the 

surface of the sensitized photoanodes. The counter 

electrode was then clipped onto the top of TiO2 working 

electrode with a cell active area of 6.5 cm2 , and then 

sealed using slurry tape. 2.4. Cell Characterization The 

Fourier transform infrared (FTIR) spectra of dye extracts 

and dye adsorbed TiO2 films were measured using a 

Shimadzu FTIR spectrometer (IRAffinity-1) in the wave 

number range of 4000–500 cm
-1

 with a maximum 

resolution of 0.5 cm
-1

 . Phase identification of the 

nanomaterials were studied using Bruker D8 Advance 

which was operated in Bragg Brentano geometry and 

exposed to CuKα radiation (λ = 1.540Å). The X-ray 

diffraction (XRD) pattern was scanned with step size of 

0.02° (2θ) at a fixed counting time of 71.6 s from 10° to 

90° 2θ. The resulting powder diffraction patterns were 

analyzed using Highscore Plus software. UV-Vis (HP 

8453) was used to determine the absorption spectra of all 

samples. Surface morphology analysis of the samples was 

carried out using FESEM (Zeiss Supra 35VP) at 5 kV. 

The photocurrent–voltage (J–V) curves of DSSCs were 

recorded with a computer-controlled digital source meter 

(Keithley 2400) under an irradiation of 100 mWcm-2 

.The Brunauer–Emmett–Teller (BET) surface area of 

undoped and Nb-doped TiO2 powder samples were 

measured using a surface area analyzer (Micromeritics 

ASAP 2020). The charge-transfer resistance of a DSSC 
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was analyzed by electrochemical impedance spectroscopy 

(EIS, GamryREF 3000, USA) under a light intensity of 

100 mW cm−2 in a frequency ranging from 0.1 Hz to 100 

kHz with an AC amplitude of 10 Mv 

 

3. Results and Discussion:  

3.1. FTIR Spectra:  

The FTIR spectra recorded in the range of 4000 to 500 

cm-1 for E. Conferta is shown in Fig. 1. The spectra 

displayed characteristic vibration at 880 cm-1 which 

normally occurs in between the standard range of 450 – 

1000 cm-1 [33]. The spectra band appearing at 1666 cm
-1

 

for E. conferta corresponds to the C=O (carbonyl) 

stretching vibrations. Based on Fig. 1, the display of 

broad absorption in the range of 3000 – 3600 cm
-1

 with a 

wide and strong band at 3336 cm
-1

 indicates the extracted 

pigments from anthocyanin. The peaks were attributed 

to–OH stretching and the wide variety of hydrogen bonds 

between OH. Sharp peaks at 2974 cm
-1

 and a small 

shoulder at 2884 cm-1 corresponds to the –CH stretching 

modes. The peak at 1380 cm
-1

 was assigned to the 

asymmetric –CH deformation modes of CH3 group while 

peaks 1087 cm-1 and 1046 cm-1 were attributed to C-O 

vibrations, respectively. 

 
Fig.1. FTIR spectra of extract obtained from E. conferta 

 

3.2. XRD Analysis: 

Fig. 2(a) shows the XRD patterns of the undoped TiO2(0 

wt% Nb) and Nb-doped TiO2 (1.0–2.5 wt% Nb). The 

peaks indicate that the complete anatase structure after 

doping with Nb showed no characteristic peaks of Nb2O5 

in Nb-doped TiO2 even at 2.5 wt% Nb. In Fig. 2(a), the 

lattice distortion is due to the defects (vacancies, 

interstitials and substitutions) which can cause shifts in 

XRD peak positions, depending on the type of strain in 

the crystal, such as tensile or compressive strain. This 

shift proves that the Nb5+ was successfully inserted into 

the crystal lattice of TiO2. An observation of the enlarged 

image shown in Fig. 2(b) indicates a shift in peak 

positions as well as change in peak broadening. Based on 

the line from Fig. 2(b), the peaks start to shift when 1 

wt% onwards of Nb was doped into the TiO2. This shows 

that the Nb doped into the TiO2 lattice and is evident by 

the shift in peak position towards a higher angle.. Based 

on Table 1, it is noticed that the values of lattice constants 

for 1.0wt% Nb-doped TiO2 change compared to undoped 

TiO2 and increased when the amount of Nb was 

increased. This is in line with the peak shift, as shown in 

Fig. 2(b). The crystallite size also increased from 1.0wt% 

onwards due to change in the fundamental lattice constant 

as the amount of Nb increases. The cell volume increased 

from 135.9 Å³ (0 wt% Nb) to 136.5Å³ (2.5 wt% Nb). For 

Nb doping, the Ti-O bond lengths were slightly extended, 

and with Nb–O bond lengths being appreciably longer 

than Ti–O, cell volume of doped TiO2 was dilated with a 

rise in local strain field at dopant sites [35].  

 

This can cause a deviation in atomic interactions and 

promote lattice distortion [36].Therefore, there were 

significant changes in crystal parameters when the 

amount of Nb was increased based on lattice constant and 

crystallite size analysis. 

 

Table 1:Lattice parameter, average crystallite size of 

Nb-doped TiO2 

   Sample Average   

crystalline 

size      

Cell 

volume 

a (Å)      c Å) 

0 wt% Nb 8.51 135.9 3.784 9.49 

1wt% Nb 11 136.3 3.785 9.50 

1.5 wt% Nb 11 136.3 3.785 9.50 

2.0 wt% Nb 11.61 136.5 3.786 9.51 

2.5 wt% Nb 11.61 136.5 3.786 9.51 

 



 

 Page 35 
 

 

 
Fig.2. (a) XRD patterns of 0-2.5wt% Nbdoped TiO2 and 

(b) Shifts in peak position and changes in peak 

broadening are depicted through enlarged view of (020) 

peaks for undoped TiO2 and Nb-doped TiO2. 

 

3.3. Optical Properties Analysis: 

To properly investigate the behavior of the Nb-doped 

TiO2, the optical properties were studied to understand 

the photoanode characteristics which are represented in 

Fig. 3.Based on Fig. 3, the increase of Nb amount doped 

into TiO2 significantly expands the absorption spectrum 

window where strong absorption happens between 300 

nm to 450 nm. By comparing 0 wt% Nbdoped TiO2 

(undoped TiO2) with 1.0 wt%, 1.5 wt%, 2.0 wt% and 

2.5wt% Nb-doped TiO2, the window of absorption 

spectrum for doping samples was found to have widened. 

Meanwhile, the absorption peaks for 1.0 wt% and 1.5 

wt% Nb-doped TiO2 were higher compared to 0wt% 

Nbdoped TiO2. The samples with wide absorption 

spectrum and higher peaks gave advantages to the 

photovoltaic performance of the system [37]. However, 

when the amount of dopants increased, the peak 

absorbance of the samples decreased. Fig. 3 indicates that 

when the Nb dopant amount increased, the absorbance 

intensity of visible light increased. The absorption edge 

that shifts towards the longer wavelength indicates an 

increase in the band gap of the DSSC. The results of the 

optical band gap (Eg) illustrated in Fig. 4 was calculated 

using the UV-vis spectra, as shown in Eq. 1: n  ) (1) ( 

hv A hv Eg  where  is the optical absorption 

coefficient, hv is the photon energy, Eg is the absorption 

band gap, A and n are constants. For the indirect 

semiconductor of anatase TiO2, n is equal to 2 [38]. 

Therefore, the tangent intercept in the plot of 2 1 hv)( 

versus hv that represents the Eg is shown in Fig. 4. The 

band gap decreased when the Nb dopant increased i.e., 

from 3.34 eV to 3.06 eV, 3.14 eV, 3.20 eV and 3.22 eV, 

for 0 wt% Nb 1.0 wt% Nb, 1.5 wt% Nb, 2.0 wt% Nb and 

2.5 wt% Nb, respectively. By doping Nb into TiO2, the 

incorporation of Nb5+ into TiO2 lattice forms an 

intraband state making a positive shift of conduction band 

minimum (CBM)[39]. Therefore, higher absorbance can 

be seen in the Nb-doped TiO2 film due to smaller band 

gap. The decrease in band gap is also due to the decrease 

in the bottom of the TiO2 conduction band which 

narrowed the band gap and improved driving force of 

injected electron resulting in increased TiO2 (e-) 

concentration and absorbance after dopingNb. 

 
Fig. 3. The UV-vis absorbance spectra of DSSC based on 

Nb-doped TiO2 with different Nb amounts 

 

 
Fig.4. Plots of (αhv)1/2  versus photonenergy for Nb-

doped TiO2 at(a) 0 wt% Nb(b) 1.0 wt% Nb  (c) 1.5 wt% 

Nb(d) 2.0 wt% Nb (e) 2.5 wt% Nb 
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3.4. Surface morphology analysis  

The effects of doping concentration on surface 

morphology is shown in Fig. 5. With reference to the 

surface morphology image in the film, a uniform coating 

displaying the absence of voids and dense morphology 

for the entire substrate surface area can be observed. 

Thesolid-state technique of pulverization was employed 

to initiate doping with subsequent sintering; this 

facilitates the formation of an oxide network which can 

act as a pathway for charge transport [41]. Sintering 

greatly influences charge transportation. It can be seen 

that 0 wt%, 1.0 wt%, 1.5 wt% and 2.5 wt% Nb films 

produced homogenous spherical shaped crystals. At 1.0 

wt% Nb and 1.5 wt% Nb, a continuous and dense 

morphology was observed with small porous structure; 

films with denser structure and smooth surface were 

produced at these concentrations. As the Nb dopants 

increasedto 2.5 wt%, the surface of the film became 

denser and agglomeration of grains was observed. 

Aggregated and uneven distribution of grains was also 

observed when the amount of Nb dopants increased. This 

is due to increase in stress developed during deposition 

and growth process which can be related to the different 

ionic radius of Nb
5+

 and Ti
2+

.The formation of spherical 

structure allows scattering of incident light which 

increases photon travelling distance thus confining the 

incident light within them to enhance electron conduction 

and reduction of photon loss [42, 43]. The small particles 

can absorb enough dye while the spaces between spheres 

facilitate the permeation of the electrolyte while the 

bigger particles enhance light scattering which improves 

the efficiency ofD. 

 
Fig.5. Surface morphology images for Nb-doped TiO2 

at (a) 0 wt% Nb(b) 1.0 wt% Nb(c) 1.5 wt% Nb(d) 2.5 

wt% Nb 

 

Grain size was measured using ASTM E112-12 and 

based on Fig. 6, the grain decreased from 131.3 nm to 

126.5 nm for 0 wt% to 1.0 wt% of Nb and increased to 

128.4 nm and 134.0 nm for 1.5 wt% to 2.5 wt% of Nb, 

respectively. Grain growth inhibitions also affected the 

increase in band gap. When the Nb content was increased, 

the particle size became smaller which led to smaller 

band gap energy [45], as shown in Fig 6. The effect of 

change in band gap energy with respect to particle size is 

that the bulk defects induce delocalization of molecular 

orbitals in the conduction band, create deep traps in 

electronic energy and increases the band gap [46]. 

 
Fig.6. Correlation between grain size and band gap 

energy 

 

3.5. Photovoltaic performance of DSSC 

In order to determine the photovoltaic performance, the 

current density–voltage (J–V) curves of DSSC based on 

undoped and Nb-doped TiO2 electrodes with different 

amounts of Nb dopant are shown in Fig. 7 and the 

photovoltaic properties are shown in Table 2.  

 

The photovoltaic performance of DSSC based on Nb-

doped TiO2 electrodes showed improvement with 1.0 

wt% to 2.5 wt% of Nb dopant. The highest efficiency was 

obtained with 1.0 wt% Nb dopant which is 1.40 % 

compared to standard DSSC photoanodes i.e. 0 wt% Nb. 

This is followed by 1.5 wt% Nb which produced 1.23%, 

2.0 wt% Nb produced 1.07 % and 2.5 wt% Nb produced 

0.95 % .The increase in efficiency of doped 

photoelectrode compared to pure photoelectrode may be 

due to the amount of dye molecules chemisorbed onto 

doped TiO2 which is much higher than the amount 

chemisorbed onto pure TiO2 [47].The short–circuit 

photocurrent density (Jsc) is the one of the important 

aspect in photovoltaic parameters. The high Jsc reflects 

the enhancement of electron injection and transport based 

on the shifted CBM and improved the electron 
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conductivity. The highest JSC for DSSC was displayed 

by 1.0 wt% Nb content with a value of 5.00 mA/cm
2
 .The 

increase in Jsc can be related to the decrease in the band 

gap of Nb-doped TiO2, as shown in Fig. 4.The decrease in 

the band gap of the Nb-doped TiO2 to visible region 

causes photoexcitation which leads to an increase in 

electron hole pairs. 

 
Fig.7. The photocurrent density–photovoltage (J–V) of 

the fabricated DSSC using undoped (0 wt% Nb) and 

Nb-doped TiO2 (1.0-2.5 wt% Nb) 

 

Table 2: Lattice parameter, average crystallite size of 

Nb-doped TiO2 

   

Sample 

  

JS(mA/m2) 

Voc/V Efficiency(%) Surface 

area 

0 wt% 

Nb 

3.20 0.32 0.80 6.1407 

1.0 

wt% 

Nb 

5.00 0.33 1.40 8.8314 

1.5 

wt% 

Nb 

4.80 0.32 1.23 7.3451 

2.0 

wt% 

Nb 

4.60 0.31 1.07 - 

2.5 

wt% 

Nb 

4.60 0.30 0.95 - 

 

The electrons can be pumped directly from the 

intermediate band (IB) to the conduction band (CB) or 

from the valance band (VB) to the IB, and finally to the 

CB. Therefore, this increases the photoelectron density in 

CB and also increases the Jsc[48]. The influence of Nb 

doping on Voc is that it combines energy difference 

between the Fermi level (EF) of the electrodes and the 

redox potential of the electrolyte. The decreased 

difference between the positive shift EF of Nb-doped 

TiO2 and the redox potential of I- /I3 - couple decreases 

the Voc[50]. The electron density increases with the 

occurrence of photoexcitation at the semiconductor and 

enhances the photo-injection contribution. The 

appropriate morphology which is provided by optimum 

porosity also enhances the improvement in surface area, 

as shown in Table 2. The surface area increased from 

6.14 m²/g to 8.83 m²/g when doped with 1.0 wt% Nb and 

decreased to 7.35 m²/g when amount of dopant was 

increased. The smaller grain size improves the surface 

area of the film for effective absorption of dye. Therefore, 

the increase of surface area enhances the dye absorption 

and increases the Jsc value. Meanwhile, the decrease in 

Jsc for samples with higher amounts of Nb dopant is due 

to the destruction of TiO2 crystal lattice and the existence 

of more defects in the crystal lattice which acts as a 

trapping center of photo generated charge [49]. As shown 

in Table 2, the highest Voc is found in the DSSC with 

1.0wt% Nb-doped TiO2. The Voc decreased when the 

amount of Nb increased. The influence of Nb doping on 

Voc is that it combines energy difference between the 

Fermi level (EF) of the electrodes and the redox potential 

of the electrolyte. The decreased difference between the 

positive shift EF of Nb-doped TiO2 and the redox 

potential of I- /I3 - couple decreases the Voc[50]. Nb 

doping also reduces the concentration of oxygen 

vacancies at the TiO2 surface. Therefore, the space charge 

region widened to suppress recombination at the TiO2–

electrolyte interface and leads to the increment 

ofVoc[51].The decrease in Voc and Jsc is also due to how 

Nb would have acted as a new recombination center thus 

reducing the number of charge carriers [52]. 

Electrochemical impedance spectroscopy (EIS) is a useful 

method to analyze the kinetics of the electrochemical 

process in DSSC [53]. EIS measurement was carried out 

to investigate the TiO2/dye/electrolyte interfacial charge 

transfer kinetics. Fig. 8 shows the Nyquist plots for DSSC 

using undoped and Nb-doped TiO2 photoanodes.  

The equivalent circuit is depicted in the inset of Fig. 8. 

Nyquist plots of DSSC produced two typical semicircles, 

as shown in Fig. 8, which can be explained by the charge-
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transfer resistance at the counter electrode/electrolyte 

interface (RCE) and at the photoanode/dye/electrolyte 

interface (RCT)[54, 55]. . The calculated EIS parameters 

of an equivalent circuit (inset in Fig. 8) for the Nb-doped 

TiO2 are given in Table 3. In a DSSC, RS is related to the 

collection of electrons from the external circuit [56]. 

Thus, the difference in the values of Rs was negligible. In 

Table 3, T0.0Nb shows high electron transport resistance 

(RCE) compared to other dopants. High RCE values 

show that there is difficulty in electron transport in the 

counter electrode which reduced the current density (Jsc), 

while low RCE values for T1.0Nb showed faster electron 

transport and produced higher Jsc. 

 
Fig.8.Nyquist plots of DSSCs measured under 

illumination conditions for undoped and Nb doped 

TiO2 

 

Table.3: Properties determined by EIS measurement 

with different amounts of Nb dopant 

Sample   Rs (Ω) RCE (Ω) RCT (Ω) 

T0.00Nb 13.94 8.66 70.50 

T0.00Nb 12.76 2.13 45.00 

T0.50Nb 14.76 4.48 60.00 

T0.00Nb 13.76 5.34 62.00 

T0.50Nb 11.83 5.30 64.50 

 

The charge transfer resistance related to the 

recombination of electrons (RCT) at the 

photoanode/dye/electrolyte interface is determined using 

the semicircles at the intermediate frequency regions. Fig. 

8 indicates that when the amount of Nb increased (until 

T1.0Nb), the radius decreased. The RCT value for 

T1.0Nb is the lowest compared to other dopants (14.28 

Ω). It proves that electron transfer becomes faster within 

the TiO2 film, implying that the film conductivity was 

improved [57]. It also suggests that when the electron 

gets faster, it provides better charge transfer which 

improves its capability to hold carriers for a longer time, 

indicating an increase in the capacitance of the device 

using Nb-doped TiO2 which may be contributed to the 

existence of quantum capacitance [58]. 

 Based on this result, it can be deduced that Nb dopant 

has improved the capacitance of the device, leading to 

higher Jsc andVoc values. However, when the dopant 

amount increased (T1.5Nb onwards), the RCT increased 

due to the formation of more defects in the semiconductor 

[49]. Higher RCT value corresponds to lower probability 

in recombination of electrons. The low recombination of 

electron leads to the decrease in Jsc andVoc values due to 

high recombination process [59]. 

 

4. Conclusions 

The performance of Nb-doped TiO2 synthesized using the 

solid state method as photoanode and E. conferta as 

sensitizer promoted and favoured electron transformation. 

The dye–sensitized solar cells (DSSC) with 1.0 wt% Nb-

doped TiO2 improved the Jsc and Voc and produced the 

highest efficiency of about 1.40%. The improvement of 

Jscis related to the enhancement of electron injection and 

transportation. The reduction in the concentration of 

oxygen vacancies at the TiO2 surface is correlated to Nb 

doping. Therefore, the space charge region was found to 

widen up and suppress electron recombination at the 

TiO2–electrolyte interface thereby leading to increment in 

Voc.  
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