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In the quest to unlock the remarkable potential of nanotechnology, the sol-gel method was 
employed to craft a porous TiO2 nanostructured film, meticulously deposited onto FTO glass 
substrates. This endeavor marked a significant leap as a controlled bombardment of Cu ions, 
accelerated at 700 keV, at varying flux rates of 2x1013, 2x1014, and 2x1015 ions/cm² was 
introduced to these ingeniously engineered films. A comprehensive assessment of these 
nanocrystalline TiO2 structures, both before and after Cu+2 ion irradiation, revealed a 
fascinating array of results. he anatase tetragonal structure's permanence was validated by 
X-ray diffraction (XRD), which improved the material's stability and integrity. In the present 
study, an interesting observation was made that band edges show a dynamic behavior in Cu-
irradiated samples in UV-Vis spectroscopy. At 2x1014 ions/cm2, the phenomena peaked, 
revealing an intriguing redshift and an exceptionally low band gap value of 3.39 eV. In 
photoluminescence spectra, the peaks corresponding to the lattice defects show a significant 
reduction when the flux of the Cu ions on TiO2 is adjusted to 2 x 1014 ions/cm2. It is an 
indication that film quality and purity have improved. This arrangement for photoanode 
modification helps in the development of dye-sensitized solar cells with tremendous 
characteristics. The fabricated device with this novel approach results in high values of open 
circuit voltage (Voc), short circuit current density (Jsc), fill factor (FF), and maximum 
photoconversion efficiency of 5.10%. These findings indicate a new era of possibilities in 
the field of renewable energy, since these nanostructured materials have the ability to 
significantly alter the solar field. 
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1. Introduction 
 
The current energy demands are fulfilled by fossil fuels like raw oils, coal, and natural gas. 

The need for energy to support daily routines is growing along with the population's fast growth. 
The overuse of fossil fuels has a negative impact on the environment because of air pollution and 
global warming [1]. The rapid utilization of fossil fuels depletes the earth's reservoir and will 
ultimately end. These fossil fuels are the non-renewable energy resources. So, there is a need to 
substitute these non-renewable energy resources to reduce these adverse environmental effects and 
fulfill future energy needs. There are many renewable energy resources, and solar energy is the best 
of all exciting resources. It has been estimated that the utilization of only 0.1 % of solar energy 
reaching Earth can meet the world energy demand for a year by using solar cells with 10% 
photoconversion efficiency [2]. The well-known Si-based solar cells are expensive, as their 
complicated manufacturing process, requirement of highly purified raw material and small lifespan 
are significant barriers to their adoption. These DSSCs can effectively replace traditional silicon-
based solar cells. The fabrication of the dye-sensitized solar cell by Grätzel and O’Regan was a 
breakthrough, and after this discovery, efforts were started to obtain high-efficiency 
photoconversion efficiency [3, 4] and till today 15.2% efficiency has been achieved [5]. The dye-
sensitized solar cells have been thoroughly investigated because of their easy manufacturing process, 
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lightweight, offer less toxicity and low-cost raw materials, increases their acceptance in the energy 
production technology [3]. The manufacturing cost of the dye-sensitized solar cells (DSSCs) is 30 
% less than traditional p-n junction solar cell technology [6-8]. These cells even work in the cloudy 
atmosphere, and this property makes them suitable for indoor applications as well. The major 
component of dye-sensitized solar cells is the photoanode. The well-known material utilized for 
photoanode fabrication is TiO2. It is the most suitable semiconducting material for the DSSCs 
fabrication because its Fermi energy level is ideal for capturing electrons generated via photolysis 
of the dye molecules [9]. 

One of TiO2's drawbacks is its high band gap which limits its suitability for visible light 
sensitivity and instead makes it suitable mainly for ultraviolet absorption. This ultra-violet region of 
the electromagnetic spectrum is only 2 to 3 % of the sunlight [10-12]. The high recombination rate 
of electron-hole pairs caused by TiO2's large band gap value lowers the efficiency of DSSC [13]. 
The device performance can be improved by tuning band gap value of TiO2 and increasing its 
sensitivity for visible region. It has been reported that metal doping reduces carrier recombination, 
thus improving its performance. But doping process involves complex chemical reactions, and the 
formation of by-products becomes problematic [14]. The physical irradiation of high-energy ion 
beam implantation can address this issue. It has been reported that ion irradiation on the TiO2 film 
has modified it successfully both physically and chemically [15]. In this study, we report utilizing 
Cu ions implantation on the TiO2 material at various fluency rates. This ions irradiation improves 
the photovoltaic traits of the dye-sensitized solar cells (DSSCs). Because of its easy accessibility in 
the earth's and having high electronic conductivity, copper is a desirable metal for irradiating DSSCs' 
TiO2 semiconductor photoanode. TiO2's broad band gap may be reduced as a result of the Cu ion in 
TiO2 being irradiated. Cu-irradiated TiO2 can make it easier for photo-generated charge carriers to 
pass through, increasing the short circuit current density (Jsc), thus increases the photoconversion 
efficacy of DSSC. We also highlighted how the open circuit voltage Voc improves by Cu inclusion 
in TiO2 by the close movement of band edges of conduction and valance bands and the absorption 
band spectrum shifting towards the visible region [16].  

 
 

 
 

Fig. 1. Schematic view of DSSCs. 
 
 
Because it addresses a significant issue with dye-sensitized solar cells, this research is 

extremely important for photovoltaics and renewable energy. The primary objective was to enhance 
the efficiency of these solar cells by mitigating the recombination rate and elevating current density, 
crucial factors in their performance. What sets this work apart is the novel approach of ion 
implantation, specifically employing Cu ions, to achieve this optimization. 
Usually, a chemical method is used for the doping of Cu in TiO2, resulting in the introduction of 
additional impurities in the synthesized sample, which ultimately reduces the efficiency of DSSCs.  
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On the other hand, the ion implantation method is better than the chemical method as it 
guarantees that no other element other than Cu will be added to the TiO2 crystal lattice. This precise 
insertion of Cu into TiO2 enables the photoanode to have a positive impact on the efficiency of the 
fabricated dye-sensitized solar cell. Remarkable results are obtained by the irradiation process, and 
the maximum level of crystallinity and current density were obtained in the fabricated device at a 
flux rate of 2x1014 ions/cm2 by precisely regulating the energy of fluency of Cu ions at 700 keV. 
This achievement not only illustrates the significance of the present study but also establishes that 
nanotechnology and the ion implantation process can be the breakthrough in solar cell technology 
in renewable energy applications. 

 
 
2. Experimentation 
 
The sol-gel technique was used for generating the nanostructured TiO2 material. In this 

method, precursors are Titanium (IV), Isopropoxide (TTIP), Ti [OCH (CH3)2]4 bought from Sigma 
Aldrich, and Ethylene Glycol (EG) distilled water and HNO3 acid. 24 ml of TTIP is taken in a beaker, 
and ethylene glycol is mixed with TTIP with continuous stirring to obtain a homogeneous solution. 
HNO3 diluted with distilled water is incorporated in the above-prepared solution, initiating the 
hydrolysis of TTIP and forming TiO2.  As the process continues, a gel will grow over time. Four 
pieces of 2.5 x 2.5 cm2 of FTO substrate are immersed in the above-made gel to obtain thin films. 
To eliminate the solvent and improve the crystal characteristics, the coated FTO substrate with TiO2 
film is dried and annealed at 450 0C for two hours after the dip-coating procedure. Three films were 
exposed to Cu ion radiation at flux of 2 x 1013, 2 x 1014 and 2 x 1015 ions/cm 2, whereas one film was 
left pure. 

 
2.1. Preparation of the DSSCs  
The developed photoanodes with fluence rates of 2x1013, 2x1014, and 2x1015 ions/cm2 were 

exposed to Cu2+ ions for 20 hours before being dipped into N719 dye. One of these photoanodes 
was used to seal the Pt coated counter electrode, and the electrode itself was given a tiny hole 
punched in it. Iodide/tri-iodide is inserted through this hole to serve as the electrolyte between these 
electrodes, and the hole is then sealed. With this technique, four cells were created. One was pure, 
and three were Cu-irradiated. A schematic of these manufactured cells is witnessed in Figure 1. The 
assembled cells were characterized by J-V measurement to determine their efficiency.  

 
2.2. Photovoltaic characterization of the DSSCs 
By means of an ABET Technologies solar simulator, J-V curves for the dye-sensitized solar 

cells at 1000Wm-2 (1.5AM simulated sunshine) were obtained in order to gather information on the 
short circuit current density, open circuit voltage, and fill factor. Using a Keithley-source meter, 
model 2601, the output voltage and current density values for the cells are recorded. 

 
2.3. Characterization 

Using a German q-q STOE X-Ray diffractometer operating at room temperature, we obtain 
an XRD pattern for the samples under investigation for their phase and structural analysis. X-Rays 
are obtained from Cu-Kα source. The operating voltage was adjusted to 40 kV, and the current was 
30 mA. The measurements were made with a 0.040-step resolution and a 20̊-80̊-scan-angle range. 
Using a BMS 2800 UV-Vis spectrophotometer the data was obtained in the wavelength range of 
300 nm to 800 nm. BaSO4 powder was used as the standard reference for getting the required data.  

 
 
3. Result and discussion 
 
3.1. XRD analysis 
In the diffractogram, the most intensive (101) peak is observed at 2θ= 25.370 for the pure 

sample, whereas, as for the Cu2+ irradiated samples, the peak (101) are observed at 2θ= 25.310, 
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25.260, 25.220 and 25.310 at fluence rates of 2 x 1013, 2 x 1014 and 2 x 1015 ions/cm2 respectively. 
JCPDS card No. 21-1272 shows that the diffractogram's peaks are all identified as being in the TiO2 
anatase phase. Anatase works better than other phases because it permits greater dye absorption [17]. 
A low concentration of irradiated Cu2+ may cause an absence of apparent modification when 
compared with XRD patterns of pure TiO2 samples. Due to the extremely low concentration, no 
copper peaks can be seen in the XRD of the irradiated Cu thin films.  

 
 

 
 

Fig. 2. XRD patterns of pristine and Cu 2+ irradiated TiO2 films. 
 
 
The absence of secondary or impurity peaks corresponding to the Cu in the diffractogram 

demonstrates that Cu2+ successfully substituted on Ti4+ sites despite aggregating interstitially[18, 
19]. The shifting of the peaks towards a lower angle at 2 x 1013 and 2 x 1014 ions/cm2 flux of Cu ions 
is noticed, which can be attributed to the distortion in the crystal due to the Cu-irradiation process. 
Cu2+ (0.65Å) is a higher ionic radius atom thanTi4+ (0.61Å); thus, lattice expansion is caused by the 
insertion of Cu2+ ions for Ti4+ in the TiO2 crystal lattice may contribute to this shift in XRD [20]. 

When the fluency rate increased from 2x1014 ions/cm2, peak shifting was seen, advancing 
towards a higher angle. This may be due to a higher level of oxygen vacancies as Cu2+ concentration 
in TiO2 increases, and the crystal gets contracted [21] also, the anatase peak shifts towards a higher 
angle, showing evidence of efficient lattice stressing [22]. The peak intensity in the diffractogram 
decreases with the Cu2+ irradiation process. This reduction is linked to the strain and lattice disorder 
produced in the TiO2 lattice [23]. The peak broadening is observed when the Cu2+ ions in the TiO2 
crystal lattice increases. The crystalline quality decreases due to substituting higher ionic radii Cu2+ 
atom with smaller ionic radii Ti4+ atoms. The peak broadening is observed by FWHM, which is 
utilized to calculate the crystallite size. 

We utilized the Debye-Scherrer relation as given below for the calculation of average 
crystallite size D for the (101) peak 

 
   𝐷𝐷 = 0.9λ

βcosθ
                             (1) 

 
Here β is representing full width at half maximum, the wavelength is expressed by λ (1.5418 

Å) from source CuKα, where angle θ is the Bragg's angle. The crystallite size of pristine and Cu2+ 
irradiated-TiO2 at fluence rates of 2x1013, 2x1014 and 2x1015 ions/cm2 are 22.72 nm, 22.22 nm, 21.82 
and 22.13 nm respectively. Lowering in crystallite size is observed on account of an increase in the 
Cu2+ ions in the TiO2 lattice up to 2x1014 ions/cm2. The particle size of TiO2 reduces by its 
suppression of condensation and crystallization on account of the induction of Cu2+ ions in TiO2. 
Thus the presence of Cu in TiO2 hinders its growth, so crystallinity decreases [22].  
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Additionally, the reduction in crystallite size can be linked to the retarding force operating 
on the grain boundaries. Increasing Cu2+ concentration in the TiO2 system will gradually reduce Ti 
concentration in it. The reduction of diffusivity in TiO2 suppresses grain growth after Cu2+ 
irradiation [24]. The replaced Cu ions also act as a decelerating force on the grain boundaries. If the 
presence of Cu2+ has a more worth noting retarding effect on the TiO2 grain boundaries than a driving 
effect from Ti4+, the grain boundary's ability to move will be constrained [25, 26]. Consequently, 
when the concentration of Cu rises, the crystallite size steadily decreases [23]. In general, peak width 
grows as crystallite size decreases.  

The square of the crystallite size, which is determined by the following relation, is inversely 
proportional to the dislocation line density. 

 
δ = 1

D2
                                (2) 

 
The quantity of dislocations in the crystalline material is given by dislocation line density 

𝛅𝛅. This shows that crystal imperfection decreases with an increase in the crystallite size. The small 
value of the dislocation line density is the indication that conductivity for the flow of charges has 
been increased as the resistance put up in the charge flow along the grains decreases, which increases 
smooth charge flow [27]. A decrease in grain size induces more disorder in the system. Therefore, 
1/D describes disorder in the system. As the ionic radius of Cu2+ is greater than Ti4+, thus more 
disorder will be introduced by the Cu ions insertion in TiO2 [23]. 

For the calculation of the lattice parameter of tetragonal symmetry, the following relation is 
utilized  

 
1
d2

=
h2 + k2

a2
+

l2

c2
                                                                                        (3) 

 
(hkl) expresses Miller indices, d expresses the interplanar spacing, and a, b, and c representing the 
lattice parameters. Volume of tetragonal symmetry is determined by using the following relation 
[28] 
 

𝑉𝑉 = (𝑎𝑎2 × 𝑐𝑐)                                 (4) 
 
The volume of pure and Cu- irradiated TiO2crystal lattice at fluence rates of 2x1013, 2x1014 

and 2x 1015 ions/cm2 are 136.429 Å3, 138.765 Å3, 138.763 Å3 and 135.956 Å3 respectively. The 
expansion of the lattice is seen which results in the shifting of the peak towards a lower angle and 
then contracts when the fluency rate increases from 2x1014 ions/cm2. This decrease in the volume 
was observed due to the re-crystallization process in the presence of Cu2+ [29] and also due to the 
generation of oxygen related defects in TiO2 [21]. 

The value c axis of pristine and Cu- irradiated TiO2 crystal at fluence rates of 2x 1013 
ions/cm2, 2x 1014 ions/cm2 and 2x 1015 ions/cm2 are 9,508 Å, 9.681 Å, 9.635 Å and 9.460 Å 
respectively as shown in Table 1. It is evident that the values of a = b and c somewhat increases as 
the Cu+2 concentration rises. Cu atoms' capacity to replace Ti atoms in the TiO2 system is affected 
because the Cu+2 ionic radius higher than the Ti+4 ionic radius, increasing the samples' lattice 
parameters [30]. 
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Table 1. Interplanar spacing and lattice characteristics of pure and Cu-irradiated TiO2 films at varying 
fluency rates. 

 
Sample 2θ FWHM 

Β a(Å) c(Å) Interplanar 
spacing d(Å) 

Crystallite size 
D (nm) 

Volume 
V (Å)3 

Pure TiO2 25.37 0.3743 3.788 9.508 
 
3.511 
 

22.7286 136.429 

Cu-irradiated-
TiO2 with 2 x 
1013 ions/cm2 

25.26 0.3828 3.786 9.681 
 
3.526 
 

22.2217 138.765 

Cu-irradiated-
TiO2 with 2 x 
1014 ions/cm2 

25.22 0.3897 3.795 9.635 
 
3.531 
 

21.8266 138.763 

Cu-irradiated-
TiO2 with2 x 
1015 ions/cm2 

25.31 0.3843 3.791 9.460 3.519 22.1371 135.956 

 
 
 
3.2. Optical properties 
With the help of optical absorbance, we can easily determine optical properties like band 

gap value, refractive index, extinction coefficient, absorbance etc., of the photoanode used for 
DSSCs fabrication. 

 
3.2.1. Band gap energy 
Band gap energy is an essential property of materials, particularly in solid-state physics and 

semiconductor technology, as it describes the electrical and optical characteristics of the material. 
It has been noted that introducing Cu2+ into TiO2 lowers the material's Eg because the energy 

band gap of TiO2 is being filled with impurity energy levels. As a result, the conducting band shifts 
slightly downward.  

[31]. Tauc’s relation is given below for determining the band gap energy 
 

(αhν) = A(hν − Eg)m                                                  (5) 
 
In the equation above, m is a constant depends upon the electronic transition, and 

photon energy given by hν and 𝛂𝛂 absorption coefficient. By projecting Tauc's plot towards 
the energy axis, as illustrated in Figure 3, it is possible to calculate the band gap energy 
value. At flow rates of 2x1013, 2x1014, and 2x1015 ions/cm2, the band gap thus obtained for 
pure and Cu2+ irradiated TiO2 is 3.49 eV, 3.43 eV, 3.39 eV, and 3.40 eV, respectively. At 
700 KeV accelerated energy, the irradiation Cu+2 implant themselves into the crystal lattice, 
causing the neighboring atoms to rearrange themselves to balance the charge deficient state. 
To maintain charge neutrality, oxygen vacancies are generated, causing Eg to gradually 
decrease as the TiO2 lattice's concentration of Cu ions rises [20, 22]. Since the substitution 
of Ti4+ with Cu ions, which is in the +2 state induces oxygen vacancies for the charge 
compensation, a change in crystallinity is observed. The band gap of the material develops 
impurity states as a result of the extra Cu ions trapped in the grain boundaries. The density 
of these Cu-induced impurity levels rises with rising Cu ions fluency rates, which causes 
the Eg to decrease [32]. The introduction of two lone pair states above the valance band of 
TiO2 by the Cu+2 ions in the TiO2 crystal is another cause leading the band gap energy to 
decrease [17, 33]. The irradiation method may result in such efficient band gap lowering, 
which could reduce Fermi levels and increase the activity of the synthesized samples [34]. 
When the fluency rate of Cu+2 on TiO2 increased from 2x1014 ions-cm-2, the excess Cu 
atoms did not occupy the appropriate lattice locations to contribute to the free carrier 
concentration but instead enhanced the structure's disorder, which widened the band gap, 
which is noticed at flow rate of 2x1015 ions-cm-2 [35]. This region's dropping atomic density 
causes the Cu irradiation thin film's band gap energy to rise even further. In the interstitial 
regions, this mechanism leads to a rise in the amorphous phase, the development of disorder, 
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and Ti4+ ion transport. The band gap widens due to the increased disorder in the structure 
[36]. 

As illustrated below, the band gap energy is inversely proportional to the wavelength of the 
absorption band gap [19]. 

 
Eg = 1240

λ
 eV                              (6) 
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Fig. 3. Energy gap values of pristine and Cu-irradiated TiO2 film at various fluency rates. 
 
 
3.2.2. Absorbance 

The absorption band spectrum of Cu2+-irradiated samples extends towards longer 
wavelength side of electromagnetic spectrum compared to the pure TiO2 sample due to formation 
of intermediate energy levels. The highest absorption levels are caused by electrons being transit 
from valance to conduction band. O 2p states make up the valance band of TiO2, whereas Ti 3d 
states make up the conduction band. Thus, peak absorption is seen as a result of the electron transfer 
from O 2p to Ti 3d. Charge transfer from valance band VB having O 2p states to Cu (II) present in 
TiO2 results in the shifting absorption band spectrum towards the higher wavelength side, which is 
observed at the interface. Therefore, the optical absorption change and band gap reduction are caused 
by defect centres created when Cu2+ atoms replace Ti4+ atoms. 
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Fig. 4. Absorbance versus wavelength of pure TiO2 film and irradiated with Cu ions. 
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Cu-irradiated TiO2's absorption coefficient improves as the visible region's 
absorption peaks get broader; absorption decreases as wavelength increases. This shows 
how copper helps extend absorption light spectra toward longer wavelength regions. The 
transition of photogenerated in the TiO2 conduction band was made more accessible by the 
introduction of the impurity energy level below and close to the conduction band. This 
results in the absorption peak shifting towards the visible region. Thus a quick charge 
transfer, there is less recombination chance of charges [37, 38]. The decrease in absorbance 
in the Cu-irradiated samples at high fluence rate can be attributed to Cu irradiation's removal 
of imperfections and disorder in the initially-deposited film [36].  

It has been found that when pure TiO2 and Cu+2-irradiated TiO2 are compared, the irradiated 
samples perform better at harvesting light. This proves that the apparent absorbance is closely 
correlated with the presence of Cu2+ in TiO2.The oxygen vacancies are the consequences of the 
charge compensation process shifting optical absorption in the longer wavelength region [39]. 

As absorbance has an inverse relation with transmittance, thus it was discovered that 
transmittance decreases with increasing implanted concentration, which is caused by an 
increase in the amorphousness of the films exposed to radiation. Many variables, including 
thickness, porosity, surface roughness, and polycrystallinity, influence how well a film 
transmits light. Surface roughness and optical inhomogeneity of the film surface are two 
additional factors that affect the transmittance of the films. With higher Cu concentration in 
TiO2 at fluency rate of 2x1015 ions/cm2 the decrease in transmittance indicates an increase 
in the band gap, which may bring an increase in carrier mobility or carrier concentration 
[36]. 

 
3.2.3. Refractive index 
Using the following relation, the refractive index of the pure and Cu+2 irradiated samples 

are determined [40].  
 

  𝑛𝑛 = �1 + ( 𝐴𝐴
𝐸𝐸𝑔𝑔+𝐵𝐵

)2       (7) 

 
13.6 eV and 3.4 eV are the values of constants A and B. n is measured using the above 

equation for pure and Cu2+ irradiated samples are 2.212, 2.228, 2.238 and 2.236 at flow rates 2x1013, 
2x1014 and 2x1015 ions/cm2 respectively. The refractive index falls with increasing Cu2+ ions 
concentration but decreases when the fluency rate increases from 2x1014 ions/cm2. The impurity in 
the film increases its optical characteristics, causing the film to have a high refractive index [36]. 
Because of the crystal's periodicity disturbance caused by the high Cu content in the TiO2 matrix, 
the refractive index n of the samples increases with increasing fluency and reaches a maximum value 
of 2.238 at flux of 2x1014 ions/cm2. Due to the material's higher density due to Cu addition, there is 
a high refractive index value. High absorption of light results from high scattering, which is caused 
by a high refractive index, while low refractive index values indicate excellent transparency [41]. It 
is clear that the refractive index value rises in tandem with an increase in Cu2+ concentration, 
showing that the films become denser. Refractive index decreases to 2.192 at a fluency rate of 2x1015 
ions/cm2, showing low packing density and the formation of a porous structure. The relatively large 
porosity is explained by the mismatch in lattice between the mixed phases. Furthermore, the low 
refractive index at higher Cu2+ concentrations in TiO2 crystal lattice at 2x1015 ions/cm2 fluency rate 
could result from either be related to the photon energy that is then reflected inside and trapped 
within the grain boundaries. This could have something to do with the crystal lattice's defects and 
impurities. This may also be connected to the fact that the crystal lattice contains many defects and 
impurities [42]. 

 
3.2.4. Band edges calculations 
The driving force for photogenerated electrons in DSSCs can be calculated from the position 

of conduction and valance band edges of photoanode material. 
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The conduction and valance band positions can be computed using the subsequent 
relationships 

 
   𝐸𝐸𝐶𝐶𝐶𝐶 = 𝑋𝑋 − 𝐸𝐸𝐶𝐶 −

1
2
𝐸𝐸𝑔𝑔                                    (8) 

 
in which      

 
X= 1

2
(𝐸𝐸𝐸𝐸𝐸𝐸 + 𝐸𝐸𝑖𝑖𝑖𝑖𝑖𝑖) 

 
In the aforementioned relationships, Eg is the band gap energy value and EC is the energy 

of free electrons on the hydrogen scale, which has a value of 4.5 eV. EEA is electron affinity and Eion 
is first Ionization Energy of the samples. 

The relationship provided below can be used to calculate the valance band edge. 
 

  𝐸𝐸𝑉𝑉𝑉𝑉 = 𝐸𝐸𝐶𝐶𝐶𝐶 − 𝐸𝐸𝑔𝑔                                              (9) 
 
The calculated are given in the Table 2. 
From the calculations it is clear that the absorption's band edge shifts toward long 

wavelengths after Cu irradiation, indicating that the Cu irradiation has decreased the band 
gap. Additionally, as seen in the redshift of the light absorption, the band gap energy of the 
Cu-irradiated sample decreases [19]. This decrease in band gap energy resulted from the 
conduction band edge moving downward, as shown in Figure 5. The conduction band edge usually 
changes synchronously with the quasi-Fermi level's equal displacement with respect to the I3-/I-1 
Fermi level. The key factor contributing to the increase in absorbance is this positive displacement 
of the conduction band edge.  
 
 
 

 
 

Fig. 5. Band gap edges position of pure and Cu-irradiated TiO2 films. 
 
 
However, it is evident from the examination of optical spectra that the smaller band 

gap of the Cu-irradiated TiO2 sample is also a result of a positive shift in the conduction 
band edge. The conduction band edge shifts downward, lowering the Eg and enhancing the 
driving force of the excited electrons. This reduction of Eg results in an increase in the 
number of TiO2 (e-) in the Cu-irradiated sample.  

It is well known that when smaller-sized Ti4+ metal ions are replaced by bigger-sized 
metal Cu2+ ions, irradiation with metal ions distorts the lattice structure. To retain charge 
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neutrality, this substitution promotes the introduction of oxygen vacancies. When titania is 
subjected to copper radiation, Cu2+ ions condense on the surface or interior. As a result of 
the adjacent atoms being rearranged to balance the charge deficiency, the lattice is 
deformed. The band gap shift occurs due to the lattice's deformation and rearrangement, 
which changes the electronic structure [43]. Additionally, oxygen vacancies are produced as a 
result of small concentrations of Cu+2 being present in titania's lattice sites [44]. These are a result 
of the effect of charge compensation. The band edge position and absorption spectra of 
nanostructured films are altered by lattice strain and oxygen vacancies produced due to the 
Cu irradiation process.  

 
 

Table 2. Band edge values of the pure and Cu+2 irradiated films for the conduction and valance bands 
 

Sample Eg 
(eV) 

X 
(eV) 

ECB 
(eV) 

EVB 
(eV) 

Pure TiO2 3.49 5.04 -1.21 -4.70 
Cu-irradiated-TiO2 with 2 x 1013 ions/cm2 3.43 5.04 -1.18 -4.61 
Cu-irradiated-TiO2 with 2 x 1014 ions/cm2 3.39 5.04 -1.15 -4.54 
Cu-irradiated-TiO2 with 2 x 1015 ions/cm2 3.40 5.04 -1.16 -4.56 

 
 
3.3. Photoluminescence (PL) emission spectra 
A process in which a substance emits light when it absorbs it from some external source is 

known as photoluminescence. In this process, the electrons, after absorbing light, jump to some 
higher energy level, which is the unstable state for that atom. It jumps again to its parent energy 
level with the emission of energy in the form of light, which was absorbed. This phenomenon applies 
to various practical applications like LEDs, fluorescence microscopy, etc.  
Photoluminescence spectroscopy is also utilized for material characterizations such as organic 
materials, semiconductors, and nanoparticles. The spectra of the light emitted from the substance 
under investigation help in understanding the band structure and carrier dynamics.  

The trapping and migration of the electron-hole pair in the semiconductor can be analyzed 
by the study of the photoluminescence spectrum obtained from that material. The 
photoluminescence emissions result from the impurity energy levels that are produced due to the 
Cu-irradiation process on TiO2 films, thus changing their electronic structure. At various 
concentrations, Cu ions in TiO2 cause peaks in PL emission spectra at various wavelengths. The 
emission peaks can be related to defects that are induced by the Cu presence in the crystal lattice 
[45]. Different forms of defects, including oxygen vacancies, can be seen in the samples' 
photoluminescence (PL) spectra. The green PL in TiO2 nanomaterial is caused by oxygen vacancies 
[46].  

Figure 6 illustrates the photoluminescence spectra of pristine, and Cu+2 irradiated TiO2 
samples at the fluence rates of 2x1013 and 2x1014 ions/cm2. Four prominent peaks are noticed at 404 
nm, 420 nm, 491 nm and 538 nm for all thin films. The migration of electrons between bands, from 
the conduction band minima to the valance band maxima, which occurs at two different sites, is the 
process that causes the emission peak at 404 nm. The oxygen defect-related shallow and deep trap 
centers and excitons resulted in the emission peaks in the visible region. The self-trapped exciton 
causes the emission at 420 nm. When a hole is captured by a trapped electron on the lattice site, the 
self-trapped exciton is produced. Direct or indirect self-trapped exciton emissions are both possible. 

In contrast to indirect self-trapped exciton emission, which uses an oxygen vacancy, direct 
self-trapped exciton emission involves a direct carrier recombination. Since Cu insertion in TiO2 
causes oxygen vacancies to form, oxygen vacancies may be the source of the self-trapped exciton 
emission at 420 nm. It is related to the change from localized surface states to the valence band of 
TiO2 that causes the emission peak at 491 nm (blue emission). Color centers cause peaks at 460 and 
535 nm. By introducing additional energy levels to the semiconductor's bandgap, the implanted ions 
increase the time for electron-hole pairs generated by the photoexcitation process; thus, charge 
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separation efficiency enhances by irradiation [47]. The low PL intensity suggests a low rate of 
electron-hole pair recombination, resulting in a high efficiency of the manufactured device. The PL 
intensity enhances with an increase in Cu2+ concentration up to 2x1015 ions/cm2. Instead of 
facilitating charge transfer, the increased concentration of Cu serves as an electron-hole pair 
recombination center thus resulting decrease of efficiency [45].  
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Fig. 6. PL spectrum of pure and Cu-irradiated TiO2 films. 

 
 
3.4. Electrochemical impedance spectroscopy  
The resistance in the flow of charges in dye-sensitized solar cells can be determined via EIS 

data [48]. The key parts of dye-sensitized solar cells are TCO, Film, the dye/sensitizer, the redox 
couple, and the counter electrode. These components' interfaces with one another, such as 
TCO/Film, Film/dye, sensitizer/redox couple, and redox couple/counter electrode, facilitate the 
electron-hole pairs recombination, which lowers the device's efficiency. Therefore, device efficiency 
increases if we are successful in increasing charge injection while reducing their recombination [49]. 

We used a Nyquist plot of the EIS data to calculate the resistance present in the electron 
transport at different interfaces. In the impedance curve shown in Figure 7, the first semi-circle 
describes the resistance in the charges moving through the electrolyte and counter electrode. The 
middle curve representing the impedance in the electron transport present at TiO2/dye/electrolyte 
interfaces. The last semicircle related to the impedance within the electrolyte [50, 51].  
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Fig. 7. EIS of pure and Cu-irradiated TiO2 films. 
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In the impedance curve, our focus is on the film/dye/electrolyte interface's recombination 

resistance. Figure 7 shows Nyquist plot of the EIS spectra for TiO2 exposed to Cu ions and pure 
TiO2 at fluency rates of 2 x1013 ion/cm2 and 2 x1014 ion/cm2 respectively. The Nyquist plot is drawn 
between the two values Z'' and Z', where Z' represents the real impedance, and Z'' the imaginary part. 
The middle portion of the curve in Figure 7 is our interest. It has been clarified from the Nyquist 
plot that the semicircle radius reduces with increasing fluency rate when compared to pure TiO2, 
demonstrating a reduction of the resistance in the charge transfer at the film/dye/electrolyte 
interfaces. The lowest resistance is obtained at a fluency rate of 2 x1014 ion/cm2, which is the 
optimum fluency rate. The low recombination rate and effective charge transfer to TiO2's conduction 
band is the cause of the decreased resistance to charge flow. The impurity levels due to Cu ions act 
as trapping centres, resisting the recombination of electron-hole pairs. The downward shifting of the 
conduction band with the lowest possible level at 2 x1014 ion/cm2 fluency rate makes it suitable for 
effective charge transfer, thus facing less resistance in a smooth flow. The efficiency of the 
developed device drops to 4.90% when the fluency is increased further to 2 x1015 ion/cm2, as this 
causes an increase in resistance to the smooth flow of charges. Actually, with a high fluency rate of 
2 x1015 ion/cm2 of Cu ions, the transparency of the device decreases so, enhances the recombination 
rate, increasing the resistance of the device  [52].     

 
3.5. J-V measurement 
For the analysis of DSSCs efficiency, the efficiency formula of DSSC uses open circuit 

voltage (VOC), short circuit current (JSC), and fill factor (FF) determined from the J-V curve. The 
following relation is used to compute DSSCs' efficiency[53] 

 
η(%) = Jsc×FF×Voc

Pin
× 100                                 (10) 

 
Pin and FF stand for incident light power and fill factor, respectively. JSC is the short circuit 

current density, while VOC is the open circuit voltage. The device's efficiency is directly related to 
JSC, VOC, and FF at constant Pin values.  

 
3.5.1. Short circuit current density 
The JSC for the pure sample is 8.09 mA/cm2. When Cu ions were irradiated onto the film at 

a flow rate of 2 x 1013 ions/cm2, the JSC rose from 8.09 to 8.75mA/cm2. The value increases to a 
maximum of 9.32 mA/cm2 with the fluence rate increasing to 2 x 1014 ions/cm2. This increased short 
circuit current density JSC value may be credited with incorporating of Cu+2 into TiO2 which 
improves the electron transfer rate by giving electrons an alternate path, revealing an increase in Jsc 
[20]. The surface area of TiO2 was improved by adding Cu2+ into the TiO2 lattice, thus dye loading 
enhances with a large surface area, so current density Jsc increases; ultimately, the efficiency of 
DSSC improves [22]. TiO2 has impurity electron levels of 3d metals, which act as charge traps and 
slow down the recombination process, increasing the flow rate, thus improvement of photocurrent 
efficiency of dye-sensitized solar cells is observed. It reveals that adding Cu2+ to TiO2 improves the 
charge separation efficiency and increases the interfacial charge transfer rate. Implanted Cu+2 ions 
enhance the charge separation time in TiO2 by adding extra energy levels to the semiconductor 
bandgap [47]. 
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Fig. 8. J-V characteristics of pristine and Cu-irradiated-TiO2 fabricated DSSCs. 

 
 
The conduction band gets close to the valance band after Cu ions irradiation is another factor 

for increasing the short circuit current density [19]. Thus, the charge mobility of Cu irradiated 
samples increases, so charge recombination decreases, increasing the efficacy of DSSC. At the 
interface between the electrolyte and counter electrode as well as TiO2, there was less resistance due 
to the Cu-irradiation process, and suppression of carrier recombination was considered essential for 
increasing photo conversion efficiency [54]. On further increasing Cu's fluence rate of 2 x 1015 
ions/cm2 in TiO2, the short circuit current density Jsc decreases to 9.01 mA/cm2. The lattice structure 
is damaged at a high fluence rate, increasing the number of crystallographic defects. Additionally, 
the presence of higher level of copper can result in redox interactions with electrolyte ions that lower 
Jsc [19]. At higher concentrations of Cu ions, the dye adhesion is negatively affected, so due 
to aggregation, the absorption area also reduces, and short-circuit current density reduces 
[55]. 

 
3.5.2. Open circuit voltage 
The open-circuit voltage (VOC) of a DSSC refers to the voltage that can be measured across 

the cell's terminals when it is not connected to an external load and is exposed to light to generate a 
photocurrent. The VOC is an essential parameter in photovoltaic devices, as it represents the 
maximum voltage that the device can generate under illumination, and it is directly related to the 
device's energy conversion efficiency. The difference between the photoanode's quasi-Fermi level 
and the electrolyte's redox potential can be used to compute the photovoltage (VOC). The positive 
shift in the photoanode's flat band potential (Vfb) can be used to explain the decrease in VOC. 
Equation links the VOC and Vfb at the photoanode's quasi-Fermi level. 

 
𝑉𝑉OC = |𝑉𝑉fb – 𝑉𝑉red |                                          (11) 

 
whereas the conduction band position can be calculated by using the following relation [56, 57] 
 

   𝑉𝑉fb = 2.94 − 𝐸𝐸g                               (12) 
 
We can infer from the findings that adding Cu basis for the band gap energy to drop in TiO2. 

The DSSC's open-circuit voltage has increased due to this drop in Eg, as seen in relation 12. The 
reduced band gap value is the reason for the improvement in the open circuit voltage [58, 59]. The 
enhancement of VOC is brought about by a reduction in Vfb due to the interaction of Cu2+ with the 
defect state. VOC is related to the band gap energy, as seen in equations 11 and 12, so its variations 
are similar to band gap energy. Thus, the open circuit voltage drops to 0.8182 V as the band gap 
energy increases to 2 x 1015 ions/cm2. After irradiating the TiO2 film with Cu ions at a flux rate of 
2x1013 ions/cm2, the fill factor likewise improved, rising from 0.5981 to 0.6402. As the Cu2+ fluence 
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rate approaches 2x1014 ions/cm2, this rises to 0.6706 and decreases to 0.6635 when the flow rate hits 
2x1015 ions/cm2. The high value of FF is evidence that the recombination rate has been reduced, 
which ultimately improves the device's efficiency [60]. Suppressing the reverse electron transfer can 
increase VOC and FF.[61]. The highest efficiency of 5.10% is achieved by these modifications in 
TiO2 film with Cu+2.  

 
Table 3. Solar cells parameters. 

 

Samples 
Jsc 
(mA/cm2 ) 

Voc 
(V) FF  

Efficiency 
η (%) 

Pure TiO2 
 
8.09 

 
0.8099 0.5981 3.92 

Cu (2x1013) irradiated-TiO2 
 
8.75 

 
0.8117 0.6402 4.55 

Cu (2x1014) irradiated-TiO2 
 
9.32 

 
0.8158 0.6706 5.10 

Cu (2x1015) irradiated-TiO2 9.01 0.8182 0.6635 4.90 
 
 
4. Conclusion 
 
In this study, we employed 700 keV Cu+2 ions with fluence rates of 2x1013, 2x1014, and 

2x1015 ions/cm2 to implant them into TiO2 films. X-ray Diffraction (XRD) analysis verified the 
presence of the anatase phase in both the pure and Cu-irradiated samples. Interestingly, a reduction 
in the average crystallite size was observed specifically at the fluence rate of 2x1014 ions/cm2. 
Moreover, Cu implantation caused variations in the band gap energy (Eg), with the lowest Eg 
recorded at the same 2x1014 ions/cm2 fluence rate. At this fluency rate, a study of photoluminescence 
(PL) spectra showed a decrease in defective peaks, suggesting enhanced material quality. Additional 
data was acquired through the application of electrochemical impedance spectroscopy (EIS), which 
verified that the interface between the film, dye, and electrolyte exhibited the least resistance when 
subjected to the 2x1014 ions/cm2 fluence rate. This decrease in resistance improves charge carrier 
transport across these interfaces, thus increasing the effectiveness of the photovoltaic system. The 
dye-sensitized solar cell fabricated using a modified anode with Cu ions at a 2x1014 ions/cm2 fluence 
rate shows exceptional performance. The high short-circuit current density Jsc (9.32 mA/cm2) and 
FF (0.67) result in a maximum photoconversion efficiency of 5.10%. These observations highlighted 
the significance of the ion implantation method to modify TiO2 film for modern solar energy uses.  
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