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Abstract 

The effect of the TiCl4 (titanium tetrachloride ) post-treatment on nanocrystalline TiO2 films in quasi solid state dye sensitized 

solar cells (DSSCs) is investigated and compared to nontreated films. DSSCs are fabricated employing metal free oxidized 

alizarin dye as photo sensitizer, polymer sol gel as electrolyte with PEDOT:PSS  coated FTO as counter electrode. The 

performance of both TiCl4 treated and nontreated DSSCs are analyzed by cyclic voltammograms, optical absorption spectra, 

kelvin probe scanning, electrochemical impedance spectra, current–voltage characteristics in dark and under illumination. As a 

result of this post-treatment, a significant increase in conversion efficiency and short circuit current density is observed. The 

overall power conversion efficiency improves from 3.57 % to 5.12 % upon TiCl4 treatment. This improvement is attributed to 

increase in dye loading, enhancement in electron lifetime and shift in the conduction band edge upon TiCl4 treatment. Here, the 

shift in the conduction band edge of the TiO2 upon TiCl4 treatment creates a driving force for charge transfer from the LUMO 

of the dye molecules to the conduction band of TiO2 which results in improved charge injection.  

 

Keywords: Dye sensitized solar cells (DSSCs), kelvin probe studies, dye binding sites, titanium tetrachloride treatment. 

 

Introduction  

The present energy and environment crisis has stimulated the 

interest in exploring renewable energy sources. In this 

context, dye sensitized solar cells (DSSCs) based on 

nanocrystalline TiO2 certainly appear as one of the most 

promising candidate as low cost alternative to conventional 

semiconductor solar cells
1,2

. Since their breakthrough in 1991 

as reported by Gratzel et.al
1
, the DSSCs have been attracting 

a significant attention of the researchers due to their 

substantial possibilities to fabricate low-cost, environmental 

friendly, large-area photovoltaic devices. These cells are 

composed of a wide band gap semiconductor (like TiO2, 

ZnO) deposited on a transparent conducting substrate, an 

anchored molecular sensitizer, a redox electrolyte (I
-
/ I3

- 

couple) and a counter electrode
1,3-6

. DSSCs based on Ru- 

complex photo sensitizers, such as N3, N719 and black dyes 

have shown high PCE
7-9

. In recent years, metal free organic 

dyes have been explored as an alternative to Ru-complexes 

because of low material costs, ease of synthesis and high 

molar extinction coefficients
10,14-16

. Although DSSCs based 

on metal free organic dyes as sensitizers, with considerably 

good efficiencies have been reported
11-13

, yet there is a need 

to optimize their chemical and physical properties for 

improving device performance. Extensive research is being 

carried out to optimize the factors for improving the 

efficiency of DSSCs, such as enhanced diffusion of dye, 

choice of electrodes and optimization of electrolytes etc. 

Extent of diffusion of dye into nano-crystalline TiO2 matrix 

significantly affects efficiency and photocurrent in DSSCs. 

The electron transport at the dye / nanocrystalline 

semiconductor interface is a key step in the energy 

conversion process as photo excited electrons in dye 

molecules are transferred to an external circuit through this 

semi conductor film. Electron transport is sensitive to the 

structure of the dye since electrons passes through its 

overlapping molecular orbitals and semi-conductor surface. 

Electron transport process is also affected by how and where 

the dye is adsorbed over the surface.  
 

Extent of diffusion of dye into nano-crystalline TiO2 matrix 

significantly affects efficiency and photocurrent in DSSCs.  

There are various methods to increase the dye diffusion into 

TiO2 matrix. One of such significant method is titanium 

tetrachloride (TiCl4) post-treatment of the TiO2 film. The 

TiCl4 surface treatment causes improvement in electron 

transport and dye anchoring, resulting in enhanced efficiency 

for the solar cells
17-21

.  
 

Herein we have investigated and compared the performance 

of DSSCs based on untreated and TiCl4 treated TiO2 

electrodes. DSSCs have been fabricated using both TiCl4 

treated and untreated -nanoporous TiO2 films as base 

electrodes, oxidized alizarin dye as photo sensitizer , polymer 

sol gel as electrolyte and PEDOT:PSS  coated FTO as 

counter electrode. 
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The performance of both TiCl4 treated and untreated DSSCs 

are analyzed by cyclic voltammograms, optical absorption 

spectra, electrochemical impedance spectra, current–voltage 

characteristics in dark and under illumination. We observed a 

significant increase in incident photon to current conversion 

efficiency (IPCE) and short circuit current density (Jsc) upon 

TiCl4 treatment as compared to untreated films. We have also 

carried out Kelvin probe scanning to study the variation in 

surface potential upon TiCl4 treatment. The overall power 

conversion efficiency improves from 3.57 % and 5.12 % 

upon TiCl4 treatment. This improvement is attributed to 

increase in dye loading, enhancement in electron lifetime and 

shift in the conduction band edge upon TiCl4 treatment. 

Here, the shift in the conduction band edge of the TiO2 upon 

TiCl4 treatment creates a driving force for charge transfer 

from the LUMO of the dye molecules to the conduction band 

of TiO2 which results in improved charge injection.  
 

Material and Methods 

Preparation of photo-electrodes: Fluorine doped Tin Oxide 

(FTO) glass plates were cleaned in detergent solution, rinsed 

with de-ionized water and acetone and dried in ambient 

conditions.  A TiO2 colloidal dispersion was prepared by 

adding 6gm of TiO2 (P25 Degussa product) powder in 2 ml of 

distilled water. Further, 0.2ml of acetyl acetone (particle 

stabilizer) was added to prevent the re-aggregation of TiO2 

particles. Finally 8.0ml of distilled water and 0.1ml of Triton 

X-100 (to lower the surface tension of the colloid in order to 

facilitate easier spreading onto the conducting glass plate) 

were slowly added with continuous mixing for 10 min. A 

plastic adhesive tape was fixed as spacer on the three sides of 

conducting glass substrate (FTO) to restrict the area and 

thickness of TiO2 film. A plastic adhesive tape was fixed as 

spacer on the three sides of conducting glass substrate (FTO) 

to restrict the area and thickness of TiO2 film. The prepared 

colloidal paste of TiO2 was spread over FTO substrate 

employing Doctor Blade technique to obtain a 

nanocrystalline layer. After the TiO2 layers get dried, the 

films were sintered at 450°C for 30 minutes in air to improve 

the electronic contact among particles and to burnout organic 

binders. 
 

TiCl4 Post Treatment: Freshly sintered TiO2 film was 

treated with TiCl4 employing the method as described in 

literature 
20

.
 
For post-treatment with TiCl4, an aqueous stock 

solution of 2 M TiCl4  was diluted to 0.05 M. Sintered  TiO2 

film was immersed into this solution in an air tight closed 

glass vessel  for  24 hours and then  was taken out and dried. 
 

Dye Sensitization of photo electrodes: We have oxidized 

standard alizarin dye in alkaline medium. Solution of 

oxidized alizarin dye was prepared in methanol. UV-Visible 

absorption spectra of alizarin (oxidized) was recorded using a 

Perkin Elmer spectrophotometer (F-4500 model). The 

sensitization of TiCl4 treated TiO2 and untreated TiO2 

electrodes were carried out by overnight immersion in 

methanol solution containing 5×10
−4

M of oxidized alizarin at 

room temperature.  Films were washed again with the 

solution and were allowed to dry for 30 min. UV–visible 

absorption spectra was recorded   for both dye  sensitized 

untreated TiO2 electrode and dye sensitized TiCl4 treated 

TiO2 electrode  by a Perkin Elmer spectrophotometer (F-

4500 model).  Kelvin Probe studies were also carried out for 

both dye sensitized untreated and TiCl4 treated TiO2 

electrodes employing SKP Kelvin Probe (SKP 4.5) to obtain 

3-D work function imaging. The cyclic voltammetry 

measurements were done with a potentio-stat (Auto-Lab 

model), at room temperature using a three-electrode system.  

 

Fabrication of dye sensitized solar cells and their 

characterization: A quasi solid state polymer electrolyte 

was prepared by mixing LiI (0.1 g), I2 (0.019 g), propylene 

carbonate (5 mL), P25 TiO2 (0.0383 g), PEO (0.2648 g), and 

4-tert-butylpyridine (0.044 mL) into acetonitrile (5 mL) 

solvent as reported in literature. TiO2 (P25 Degussa) powder 

was added as nano-fillers in the polymer electrolyte. This 

electrolyte was then spread over the dye sensitized photo 

electrodes by spin coating method to form the hole 

transporting layer. The counter electrodes were made by 

developing a thin film of protonated poly-(3,4-

ethylenedioxythiophene)-polystyrene (PEDOT:PSS) over 

graphite coated FTO glass substrates. In this process, first the 

FTO is coated with graphite and then DMSO treated 

PEDOT:PSS was grown over the top of the film by spin 

coating method. The counter electrode was allowed to dry at 

80°C for 30 min. The DSSCs were made by clamping the 

photoelectrode consisting of polymer electrolyte with counter 

electrode. We have fabricated quasi solid state DSSCs with 

following configurations: FTO/TiO2–Alizarin 

(oxidized)/polymer electrolyte/PEDOT:PSS coated FTO 

(device A), FTO/TiCl4 treated TiO2 –Alizarin (oxidized) 

/polymer electrolyte /PEDOT:PSS coated FTO (device B). 

 

The current–voltage (J–V) characteristics in dark and under 

illumination were recorded by a Keithley electrometer with 

built in power supply. The Electrochemical Impedance 

Spectra (EIS) measurements were carried out by applying 

bias of the open circuit voltage (Voc) and recorded over a 

frequency range of 1mHz to 10
5
 Hz with AC amplitude of 

10mV. The above measurements were recorded with an 

Autolab Potentiostat PGSTAT-30 equipped with frequency 

response analyzer (FRA).  

 

Results and Discussion 

Electrochemical and Optical characterization of dye: The 

energetic alignment of highest occupied molecular orbital 

(HOMO) and lowest unoccupied molecular orbital (LUMO) 

energy levels of sensitizer is crucial for efficient operation of 

DSSC. To ensure efficient electron injection from the excited 

state into the conduction band edge of TiO2 films, the LUMO 

level of the sensitizer must be higher in energy than the TiO2 
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conduction band edge. The HOMO level of the sensitizer 

must be lower in energy than the redox potential of the I
-
/I3

-
 

redox couple for efficient regeneration of the dye cation after 

photoinduced electron injection into the TiO2 film. The 

electrochemical behavior of the alizarin (oxidized) dye was 

investigated by cyclic voltammetry. The CV graph of alizarin 

(oxidized) is shown in figure 1. The oxidation potential (Eox) 

and reduction potential (Ered) have been measured with 

respect to the Ag/Ag
+
 electrode. HOMO and LUMO levels 

were calculated from the following equations
35

. EHOMO (eV) 

= - e[Eox (V) + 4.4], ELUMO (eV)  = -e [Ered (V) + 4.4]  
 

The values of HOMO and LUMO are summarized in the 

table 1. The HOMO – LUMO levels of the dye are suitable 

for DSSCs efficient operation. The LUMO energy level ( -

3.25 eV) is sufficiently higher than the conduction band edge 

of TiO2 (- 4.1 eV ). Hence, an effective electron transfer from 

the excited dye to TiO2 film is ensured. The HOMO level of 

dye (-5.23 eV) is about 0.4 eV lower in energy than the redox 

potential of redox couple (-4.83 eV vs vacuum)
12

, and thus a 

sufficient driving force for the regeneration of oxidized dye 

is available. 

Table 1 

Optical and electrochemical properties of Dye 

Dye Alizarin Alizarin (Oxidized) 

λmax   in solution (nm) 430 540 

Eg
opt 

 (eV) 2.2 1.90 

HOMO (eV) - -5.23 

LUMO(eV) - -3.25 

Eg
el
 - 1.98 

   
Figure 2 presents the normalized UV-vis absorption spectra 

of both alizarin dye and alizarin dye (oxidized). Alizarin dye 

and alizarin dye (oxidized) exhibit different absorption bands 

400 -500 nm (in the visible range) and 480-650 nm (in 

extendable visible range) respectively as shown in figure 2. 

The red shift in the absorption spectra of alizarin dye 

(oxidized) has been attributed to increase in the conjugation 

length, which in fact reduces the optical band gap of the dye. 

This shifting indicates a greater electron delocalization in 

alizarin (oxidized) as compared to pure dye. The optical band 

gap (Eg
opt

) of alizarin dye (oxidized) as determined from its 

absorption data is about 1.9 eV. The value of energy band 

gap (Eg
el
) was estimated through the analysis of the 

electrochemical data and was found quite close to optical 

band gap (Eg
opt

) as extrapolated from the absorption onset. 

This demonstrates the reliability of the electrochemical 

evaluation of the LUMO and HOMO levels.  
 

Characterization of electrodes: Figure 3 shows the UV–

visible spectra of dye sensitized untreated and TiCl4 treated 

TiO2 electrodes. In comparison to the spectrum of oxidized 

dye in solution, the absorption spectrum of both dye 

sensitized treated and untreated TiO2 films were broadened, 

indicating substantial absorption of dye molecules on the 

TiO2 surface. The broadening of absorption spectra is due to 

interaction between the dye and TiO2. The absorption spectra 

also reveal that there is almost constant increase in 

absorption throughout visible region due to TiCl4 treatment 

of nanocrystalline TiO2 surface.  It may be interpreted that 

this treatment increases porosity of the surface and this 

surface modification apparently increases the amount of 

adsorbed dye molecules. As the absorption coefficient of the 

dye sensitized TiCl4 treated TiO2 photoelectrode has been 

significantly increased as compared to dye sensitized 

untreated TiO2 electrode, it indicates that there is a 

substantial increase in absorption of dye due to surface 

treatment by TiCl4. To estimate the relative increase in dye 

loading, we have carried out dye de-sorption experiment on 

untreated and treated TiO2 films as described in literature
9
. 

For both treated and untreated TiO2 films, dye was desorbed 

from the electrodes by treating with a quantified amount of 

diluted NH3 in water, resulting in a dye solution of which a 

UV /VIS spectrum has been recorded. The relative difference 

in absorbance may be directly translated into the relative 

difference in dye loading of the TiO2 surface as the 

absorbance is linearly related to the concentration of dye. 

The difference in absorbance between TiCl4-treated and 

untreated TiO2 is distinctive, showing almost 18% higher dye 

loading for TiCl4-treated electrodes. 
 

The Kelvin Probe technique is an established direct, 

noncontact method in semiconductor surface electronics to 

determine the work function of a (semi) conducting solid. 

This technique is also used for determination of surface 

potential of organic mono-layer on solid substrates and to 

evaluate effect of adsorbents on work function. The work 

function can be directly correlated to the surface condition.  
 

Figure 4(a) and 4(b) shows screenshots of work function 

difference chart of untreated and TiCl4 treated TiO2 

electrodes sensitized with dye as obtained using Kelvin 

Probe scanning. Backing voltage Vb is ranging from –7000 

mV to 7000 mV in both the cases covering 100 points. Work 

function for dye sensitized untreated TiO2 electrode and 

TiCl4 treated TiO2 electrode is obtained as - 4.711 eV and - 

4.659 eV, respectively. This change in work function 

indicates a shift in the Fermi level of the TiO2 upon TiCl4 

treatment.  

 

Current–Voltage characteristics: The J–V characteristics 

of device A and device B, under the illumination intensity of 

100 mW/cm
2
 are shown in figure 5(a). The photovoltaic 

parameter, i.e. short circuit current (Jsc), open circuit voltage 

(Voc), fill factor (FF) and power conversion efficiency (η) as 

estimated from these curves are complied in Table 2. 

Obtained data indicates an improvement in all the 

photovoltaic parameters upon TiCl4 treatment. The value of 

overall power conversion efficiency i.e. 3.57% for device A 

based on untreated TiO2 electrode increases to 5.12% upon 

TiCl4 treatment in device B. The Jsc of DSSCs is mainly 

influenced by the sensitizer (dye) loading and the electron 

transfer efficiency in the TiO2 film
33

. 
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Table-2 

Photovoltaic parameters of the quasi solid state dye sensitized solar cells 

Device Short circuit current (Jsc)  

(mAcm
-2

) 

Open circuit voltage 

(Voc ) (V) 

Fill factor (FF) Power conversion 

efficiency (ηηηη) (%) 

A 9 0.75 0.53 3.57 

B 11.2 0.80 0.58 5.12 

 

 
Figure-1 

 Cyclic voltammograms of Alizarin dye (oxidized) 

 

 
Figure-2 

Normalized UV-Visible absorption spectra of Alizarin and Alizarin dye (oxidized) 
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Figure-3 

Normalized UV-Visible absorption spectra of Alizarin (oxidized) adsorbed on untreated and TiCl4 treated TiO2 electrodes 

 

 
(a) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(b) 

Figure-4 

Work function charts for (a) untreated TiO2 and (b) TiCl4 treated TiO2 sensitized with dye 
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The dye loading for treated TiO2 electrode is about 18 % 

higher than that for untreated TiO2 electrode, therefore the 

increase in dye loading may be considered as one of the 

significant factor for the increase in Jsc. TiCl4 treatment 

provides additional adsorption sites for the dye on TiO2 

surface resulting in increased dye loading which in turn 

causes an increase in Jsc.  
 

The Voc in DSSCs is directly related with the concentration 

of electrons injected from the LUMO of the dye to the 

conduction band of TiO2. The Voc is mainly limited by the 

recombination of conduction band electrons with the I3
-
 ions 

present in the electrolyte and also to the oxidized sensitizer. 

Since the dye loading is more for the TiCl4 treated electrode, 

we consider that the concentration of electrons in the 

conduction band of treated TiO2 electrode is high, which 

leads to an increase in the Voc. We also assume that a 

compact layer is formed in the treated TiO2 electrode, 

supporting the accumulation of electrons at the surface of 

FTO, which results in the negative shift in Fermi level and 

eventually produces a larger value of Voc 
23

. 
 

The back electron transfer, i.e. electron leakage, which is the 

origin of the dark current, plays an important role in the 

photovoltaic performance of DSSCs 
20,24

. The reduction of 

electron leakage is necessary to enhance the power 

conversion efficiency of DSSCs. The dark current 

measurement provides valuable information regarding back 

electron transfer process in DSSCs.  
 

The effect of TiCl4 treatment is further confirmed by the J–V 

characteristics in dark as shown in figure 5(b). The origin of 

dark current in DSSC is due to the porous nature of TiO2 

structure, which provides pathways for liquid redox 

electrolyte (i.e. I3 
−
 species) to penetrate through the porous 

film and contact the FTO surface. During the penetration, 

electron recombination takes place and causes reduction in 

photocurrent. It can be seen from this figure that the dark 

current decreases upon TiCl4 treatment (in device B) as 

compared to the untreated device (in device A). It is also 

observed that the TiCl4 treatment shifts the onset potential 

towards higher potential (from 0.40V to 0.52 V). The 

increase in the onset potential and reduction in the dark 

current upon TiCl4 treatment reduces the uncovered surface 

area of FTO surface by forming a blocking layer and also 

reduces the back electron transfer. The observed decrease in 

dark current is a result of the suppression of I3
−
 reduction at 

the dye sensitized TiO2 electrode
25

, and consequently results 

in an enhancement in the photovoltaic performance. To carry 

out detailed analysis of improved photovoltaic performance 

upon TiCl4 treatment, IPCE measurements have been carried 

out. The Incident Photon to Current Efficiency (IPCE) is 

defined as the ratio of number of photoelectrons in the 

external circuit as produced by an incident photon at a given 

wavelength (λ). Value of IPCE may be determined by using 

following equation: IPCE (%) = 1240 Jsc/ λ Pin   

     

Where Jsc is the short circuit photocurrent and Pin is the 

illumination intensity at wavelength (λ).The IPCE values for 

device A and device B are determined using this equation 

and are plotted as a function of illumination wavelength as 

shown in figure 6. The device B shows higher IPCE values 

than that of device A as a result of TiCl4 treatment.  IPCE of 

a DSSC is a result of light harvesting efficiency (LHE), 

charge injection efficiency (φinj), and conversion efficiency 

(ηcc %). The relation between these factors is given by the 

following equation 
26

: IPCE (λ) = LHE (λ) φinj  ηcc   

   

Where LHE (λ) is light harvesting efficiency, φinj is the 

quantum yield of electron injection from the excited state 

(LUMO) of the sensitizer into the conduction band of the 

nano-crystalline semiconductor used in photoanode (charge 

injection efficiency), and ηcc is the efficiency of the 

collection of charge carriers at back electrode. The observed 

increase in IPCE as shown in figure 6 may be attributed to 

various factors such as LHE, φinj and ηcc. The factor, LHE is 

mainly related to TiO2 surface area, dye loading, and light 

scattering/reflection. The dye desorption experiments here 

confirms that the TiCl4-treated electrodes adsorb 18% more 

dye than the nontreated electrodes. This increase in dye 

adsorption may be attributed to availability of more specific 

binding sites on the TiO2 surface upon TiCl4 treatment. Thus 

the most obvious fact causing an increase in LHE upon TiCl4 

treatment may be attributed to increased dye adsorption on 

TiO2 surface. Potentially, the TiCl4 treatment also reduces 

the fraction of the TiO2 surface area that is inaccessible for 

the dye due to sterical constraints as reported. This enhanced 

dye loading being a significant factor to influence the LHE, 

causes an increase in LHE and thus may be attributed as one 

of the reasons for the enhancement in IPCE or subsequently 

Jsc. Since the factor φinj is related to the energetic discrepancy 

between the conduction band of TiO2 and the LUMO level of 

sensitizer. To understand whether TiCl4 treatment causes a 

shift in conduction band edge, we have carried out Kelvin 

probe studies as reported earlier in this communication. 

Based on the observations, we have calculated a clear 

variation in work function of the electrode upon TiCl4 

treatment which indicates a shift in the conduction band edge 

of the TiO2 upon TiCl4 treatment. This shift or energetic 

difference creates a driving force, which facilitates charge 

transfer from the LUMO of the dye molecules to the 

conduction band of TiO2.
 
Moreover, this shift also increases 

quantum efficiency and the rate of electron injection from 

excited dye into TiO2. This causes an obvious increase in Jsc 

and IPCE. ηcc is another important factor which contributes 

to observed enhancement in IPCE upon TiCl4 treatment. The 

charge recombination in the electrode/electrolyte interface 

causes a loss of electron collection along the TiO2 layer.  

TiCl4 treatment forms a thin barrier layer that delays the 

recombination reaction and also blocks back flow in the back 

reaction (tri-iodides of redox electrolyte and cations of dye), 

which in turn causes an increase in Voc and IPCE. 
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Figure-5 

(a) Current –voltage characteristics under illumination and in (b) dark  for Quasi solid state DSSCs  A and B 

 

 
Figure-6 

IPCE spectra of Quasi solid state DSSCs A and B 
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Since the amount of the photogenerated electrons is directly 

proportional to the incident illumination intensity, the 

variation of short circuit photocurrent (Jsc) with the 

illumination intensity (Pin) may be used to get information 

about electron transfer kinetics and also about the amount of 

photogenerated electrons contributing to photocurrent. Figure 

7(a) shows that for both the DSSCs with untreated and TiCl4 

treated TiO2, Jsc is directly proportional to the illumination 

intensity (Pin).   

 

Figure 7(a) also shows that the slope for the TiCl4 treated 

TiO2 (0 .128) is 39.13 % higher than that for untreated TiO2 

(.092) electrode. It indicates that 39.13 % more electrons are 

collected from the same amount of photogenerated electrons 

at FTO surface upon TiCl4 treatment. This confirms that 

TiCl4 treatment of TiO2 electrode in DSSCs facilitates 

electron transfer at the interface, resulting in an increase in 

collection efficiency.  

 

Open circuit voltage decay (OCVD) technique has been 

employed as a powerful tool to study the electron lifetime in 

DSSC’s. This technique also provides some quantitative 

information on the electron recombination rates in DSSCs 
27

. 

In order to conduct the OCVD measurement, the device is 

illuminated with white light and a steady state voltage is 

obtained. The decay of voltage is then monitored after 

interrupting the illumination. The measured decay of the 

photo voltage reflects a clear decrease in electron 

concentration at the FTO surface, which is mainly caused by 

the charge recombination.  

 

Figure 7 (b) shows the OCVD curves of DSSCs based on 

untreated and TiCl4 treated TiO2 electrodes. Theses curves 

indicates that the OCVD response of device B (TiCl4 treated 

TiO2) is much slower than that of device A (untreated TiO2). 

From the OCVD measurement, the electron lifetime (τn) is 

determined by the reciprocal of the derivatives (dVoc/dt) of 

the decay curves normalized by the thermal voltage (kT/q), 

using the following expression: τn = kT/q (dVoc/ dt)  

 

The value of τn for the DSSC with TiCl4 treated TiO2 film is 

longer than that for untreated TiO2 film. It suggests that 

electron injected from the excited dye can survive for a 

longer time upon TiCl4 treatment and hence facilitates 

electron transport without undergoing losses at FTO surface. 

Therefore, OCVD measurements demonstrate that due to the 

longer electron lifetime, the photoelectron recombination rate 

is reduced effectively upon TiCl4 treatment of TiO2. 

 

Electrochemical impedance spectra analysis: The 

electrochemical impedance spectroscopy has been widely 

used to investigate the electron transport and the 

recombination processes in the DSSCs. Figure 8 shows the 

EIS spectra of the quasi solid state DSSCs device A and 

device B.  Nyquist plots of these devices are consisting of 

two semicircles as shown in figure 8(a). The semicircle in 

high frequency region is attributed to impedance related to 

charge transport at PEDOT:PSS counter electrode. The large 

semicircle in low frequency region represents electron 

transfer at TiO2/electrolyte interface and ion diffusion of 

redox species, in the electrolyte. It can be seen from the 

figure 8(a) that the diameter of the semicircle corresponds to 

the device B is higher than that for device A, due to the 

higher value of charge transfer resistance for device B. This 

indicates that the recombination of injected electrons with the 

tri-iodide ions has been reduced upon TiCl4 treatment in 

device B as compared to the device A.   

       

The bode plots of the EIS spectra in middle frequency range 

are shown in figure 8(b). The frequency peak related to the 

device B shifts towards the lower frequency region as 

compared to device A. The electron lifetime (τn) has been 

estimated from the expression τn = 1/ 2πfp, where fp is the 

peak frequency. It is found that the electron lifetime in 

device B is higher than device A. The increase in electron 

lifetime in device B decreases the interfacial recombination 

for electrons with tri-iodide ions. This may be one of the 

reasons for the improvement of power conversion efficiency 

upon TiCl4 treatment.  

 

Conclusion 

In conclusion, we have reported quasi solid state DSSCs 

based on TiCl4 treated and untreated nanoporous TiO2 

electrodes using alizarin dye (oxidized) as photo-sensitizer 

and PEDOT:PSS coated FTO as counter electrode. The 

performance of the DSSCs  is  investigated systematically 

employing J–V characteristics in dark and under 

illumination, incident photon to current efficiency (IPCE), 

OCVD measurements,  Kelvin probe scanning and 

electrochemical impedance spectra measurements. It was 

found that the PCE significantly improves from 3.57% to 

5.12 % upon TiCl4 treatment. The improvement in the PCE is 

due to an increase in dye loading or availability of more 

specific binding sites on the TiO2 surface upon treatment and 

also due to reduction in dark current. We have analyzed that 

TiCl4 treatment causes a shift in the conduction band edge of 

TiO2 which is an important factor responsible for observed 

increase in the efficiency upon TiCl4 treatment. Kelvin Probe 

scanning charts indicates a clear shift in conduction band 

edge upon TiCl4 treatment. This shift creates a driving force 

for charge transfer from the LUMO of the dye molecules to 

the conduction band of TiO2. This improved efficiency has 

also been attributed to the longer electron lifetime due to 

TiCl4 treatment. Due to the longer electron lifetime, the 

photoelectron recombination rate is reduced effectively upon 

TiCl4 treatment of TiO2. 
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Figure-7 

(a) Variation of Jsc with illumination intensity  Pin and (b) open circuit voltage decay for Quasi solid state DSSCs  A  and B 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure-8 

EIS spectra (a) Nyquist plots (b) Bode plots for DSSCs A and B 
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