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A B S T R A C T   

Co-sensitization of TiO2 photoanodes in solar cells with Ruthenium dye and quantum dots offer better photo-
voltaic performance compared to the sensitization by the dye only. In the present study, TiO2 nanostructured 
photoanode was co-sensitized with CdS quantum dots and N719 dye. CdS quantum dots were deposited using 
successive ionic layer adsorption and reaction (SILAR). A suitable thin ZnS interfacial layer has been introduced 
between two sensitizers to prevent the corrosion of CdS quantum dots by the iodide-based liquid electrolyte. In 
order to get the highest efficiency, the number of SILAR cycles for CdS quantum dot deposition has been opti-
mized. A power conversion efficiency of 6.79% with short-circuit current density of 15.55 mA cm− 2 and open 
circuit voltage of 764.5 mV have been obtained for the co-sensitized solar cell made with TiO2/CdS/ZnS/N719 
co-sensitized photoanode under the illumination of 100 mW cm− 2 with AM 1.5 spectral filter. Efficiency and 
short-circuit current density of the solar cell have been enhanced by 11.31% and 6.58% respectively due to the 
co-sensitization. The optimized co-sensitized solar cell shows a higher incident photon to current conversion 
efficiency and a reduced electron recombination compared to the solar cell with dye-sensitized photoanode. 
Higher recombination resistance and longer electron lifetime of the solar cell with CdS/ZnS/N719 co-sensitized 
TiO2 photoanode have contributed to the increased short circuit current and open circuit voltage leading to the 
enhanced efficiency of 6.79% which is among the highest for a co-sensitized dye sensitized solar cell.   

1. Introduction 

Dye-sensitized solar cells (DSSCs) are a promising class of devices for 
solar energy conversion applications. In these solar cells, Ruthenium- 
based dyes are commonly used to sensitize the TiO2 photoanode. 
These dyes show broad absorption in the visible region of the solar 
spectrum. However, one dye molecule can create only one electron-hole 
pair from one photon whereas one semiconductor quantum dot can 
create more than one electron-hole pairs due to the ability of multiple 
exciton generation. Semiconductor quantum dots have attracted 
extensive attention over the past decades with different applications 
including light emitting diodes [1–3], photodetectors [4–6], transistors 
[7,8], spectrometers [9,10] and solar cells [11–13] due to their unique 
size dependent optoelectronic properties [14,15]. Quantum 

dot-sensitized solar cells have gained more attention in the area of solar 
energy conversion systems due to their low production cost and the 
excellent properties such as the ability of multiple exciton generation 
and high molar extinction coefficients [16–18]. Jing Li et al. reported 
dye-sensitized solar cells co-sensitized by CdS quantum dots and N719 
with an efficiency of 5.57% [19]. Recently, co-sensitization of TiO2 by 
PbS quantum dots and N719 has been reported with an efficiency of 
6.35% by Yanqiong Liu et al. [20]. Subramaniam et al. reported CdSe 
quantum dots and N719 co-sensitized hierarchical TiO2 nanorod based 
co-sensitized solar cell with an efficiency of 3.93% [21]. In another 
related study, Meng et al. [22] reported CdS/N719 co-sensitized solar 
cell with an efficiency of 3.93%. In addition to the CdS quantum dots, 
carbon quantum dots and doped quantum wells have been studied 
recently in the solar energy conversion process. CsPb(BrxI1-x)3 quantum 
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dots and CsPb(ClxBr1-x)3 quantum dots show better photostability and 
absorption in ultraviolet region [23]. Haiguang Zhao et al. reported 
Cs4PbBr6 quantum dot based solar cells with a power conversion effi-
ciency of 1.8% under the natural sun illumination (30 mW cm− 2) [24]. 
Haiguang Zhao et al. reported the eco-friendly and high efficiency solar 
concentrators with carbon quantum dots popularly known as “green 
quantum dots” [25]. Vertically aligned ZnO nanowires-based CdTe 
quantum dots and dye solar cells have been reported [26]. Recently, 
organic solar cell has been reported by Zhang et al. with simultaneously 
enhanced photocurrent and open circuit voltage medium-band gap 
acceptor [27]. Haung et al. reported the effect of ZnSe passivation layer 
on the performance of CdS/CdSe quantum dot sensitized solar cells [28]. 
High efficiency CdS/CdSe quantum dot-sensitized solar cells with two 
ZnSe layers with an efficiency of 7.24% [29]. 

Number of dye molecules on TiO2 nanoporous electrode also de-
termines the efficiency of the solar cell. Usually, monolayer of dye 
molecules is better to give high efficiency. If we increase the number of 
dye molecules, they form multilayers on the TiO2 nanostructure. If we 
use another type of sensitizer with different absorption region, the 
performance of the cell can be enhanced. In the present study, TiO2 
photoanode nanostructure was co-sensitized with CdS quantum dots and 
N719 dye. In order to achieve a higher efficiency, the number of cycles 
used for deposition of CdS by SILAR method was optimized using I–V 
measurements on trial solar cells. Both, the iodide/triiodide redox 
couple as well as the polysulfide electrolyte is compatible with N719 dye 
and quantum dots. However, in the presence of the polysulfide elec-
trolyte, regeneration of dye molecules is very poor. Therefore, iodide- 
based electrolytes are better to be used in co-sensitized solar cells. In 
this case, again, quantum dots are corroded by iodide electrolytes and a 
possible strategy to overcome this is to isolate the CdS quantum dots by a 
thin semiconductor layer of a different material, such as ZnS with a 
suitable thickness. By this way, we have been able to fabricate and 
characterize highly efficient, CdS/N719 co-sensitized solar cells. 

Fig. 1 shows the schematic energy level diagram of TiO2/CdS/ZnS/ 
N719 co-sensitized photoanode. Conduction band of TiO2 is slightly 
lower than that of CdS quantum dots which enables the efficient electron 
injection. Conduction band edge of CdS quantum dot is lower than the 
lowest unoccupied molecular orbit (LUMO) of N719 dye molecule. It can 
be seen that, the photo-generated electrons in N719 dye molecules can 
easily transferred to the conduction band of TiO2. ZnS passivation layer 
prevents the electron transfer back reaction from the CdS quantum dots 
and TiO2 photoanode to the electrolyte. Highest occupied molecular 
orbital (HOMO) of N719 dye is higher than the edge of the valence band 
of CdS and TiO2. Therefore, N719 acts as a hole scavenger for the CdS 

quantum dots in addition to the sensitization [30,31]. In this work, 
iodide-based redox couple was used as the electrolyte. In order to pre-
vent the corrosion of CdS quantum dots, a narrow ZnS passivation layer 
was deposited between the CdS quantum dots and the N719 dye. In this 
study, ZnS deposition with 2 SILAR cycles gives the best efficiency for 
the CdS/ZnS/N719 co-sensitized solar cell. The presence of a narrow 
ZnS layer acts as a dielectric layer between the CdS layer and the N719 
dye molecules and facilitate the effective charge transfer [31]. Opti-
mized thickness of the ZnS passivation layer protects the CdS quantum 
dots from iodide-based electrolyte without affecting the photoinduced 
electron transfer. 

2. Experimental 

2.1. Materials 

Fluorine-doped tin oxide (FTO) coated glass (8 Ω cm− 2, Solarnoix), 
Triton X-100 (Sigma-Aldrich), Titanium (IV) isopropoxide (97%, Fluka), 
Propan-1-ol (99.9%, Fisher), glacial acetic acid (99%, Fisher), Titanium 
dioxide P90 powder (Evonik), Titanium dioxide powder P25 (Degussa), 
Hydrochloric acid (37%, Sigma-Aldrich), Polyethylene glycol (99.8%, 
Sigma-Aldrich), cis-diisothiocyanato-bis(2,2′-bipyridyl-4,4′-dicarbox-
ylato) ruthenium (II) bis (tetrabutylammonium) (N719 dye, Solaronix), 
Iodine (Sigma-Aldrich), Zinc acetate dihydrate (>99%, Sigma-Aldrich), 
Tetrapropylammonium iodide (≥98%, Sigma-Aldrich), Acetonitrile 
(99.8%, Sigma-Aldrich). Sodium sulfide hydrate (>60%, Sigma-Aldrich) 
and Cadmium (II) chloride (99.99%, Sigma-Aldrich) were used as 
received without any modification. 

2.2. Preparation of TiO2 electrode 

0.25 g of TiO2 P90 powder was ground for 15 min with 1 ml of 0.1 M 
HNO3. The paste was spin coated on the conducting side of the FTO glass 
at 3000 rpm for 1 min and sintered at 450 ◦C for 45 min. For preparation 
of TiO2 P25 paste, 0.25 g of TiO2 powder and 1 ml of 0.1 M HNO3 were 
ground. Then, 0.02 g of Triton X-100 and 0.05 g of Poly ethylene glycol 
1000 were used as the binder and the mixture was ground until it 
became a creamy paste. This TiO2 P25 paste was applied on TiO2 P90 
layer by doctor blade technique. Then the electrode was sintered at 
450 ◦C for 45 min. The electrode was allowed to cool down to room 
temperature. 

2.3. Preparation of TiO2/CdS/ZnS/N719 photoanode structure 

CdS quantum dots were incorporated on TiO2 electrode by using 
SILAR technique. Aqueous solution of 0.1 M CdCl2 and 0.1 M Na2S were 
used as cationic and anionic precursor solutions respectively. In a SILAR 
cycle, dipping time in each solution was 1 min. Subsequently, the 
electrode was sintered at 120 ◦C for 10 min and allowed to cool. The 
number of SILAR cycles was optimized by using them in trial solar cells 
and checking their efficiency. The best CdS-sensitized TiO2 electrode 
was dipped in to a 0.5 M aqueous solution of Zn(CH3COO)2⋅2H2O for 1 
min and then in a 0.5 M methanol solution of Na2S for 1 min. Between 
each dipping, the electrode was rinsed into respective solvents. The 
number of SILAR cycle of ZnS passivation layer formation was optimized 
by using CdS/ZnS sensitized TiO2 photoanodes in trial solar cells. 
Finally, CdS/ZnS quantum dot-sensitized TiO2 electrodes were dipped in 
a 0.3 mM N719 dye solution and kept for 24 h for dye sensitization and 
subsequently washed with ethanol to remove excess of dye molecules. 

2.4. Preparation of the redox electrolyte 

Liquid iodide/triiodide redox couple was used as the electrolyte. To 
prepare this, 0.060 g of iodine, 0.738 g of tetrapropylammonium iodide 
and 3.6 ml of molten ethylene carbonate were mixed with 1 ml of 
acetonitrile and the mixture was stirred continuously for 12 h at room 

Fig. 1. Schematic energy level diagram of TiO2/CdS/ZnS/N719 co- 
sensitized photoanode. 
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temperature. 

2.5. Optical absorption measurements 

Optical absorption spectra of bare TiO2 electrode, TiO2/CdS photo-
anode, TiO2/CdS/N719 photoanode, TiO2/CdS/ZnS/N719 photoanode 
and N719 dye solution were obtained using Shimadzu 2450 spectro-
photometer in the wavelength range from 350 nm to 1100 nm. 

2.6. TEM and EDX analysis 

Morphology and elemental composition of the CdS quantum dot- 
sensitized photoanodes with ZnS passivation layer were examined by 
using JEOL JEM-2100 High resolution transmission electron microscope 
(HRTEM) with an accelerating voltage of 200 kV. Energy dispersive X- 
ray (EDX) spectrum was obtained by using Ametek EDAX module with 
Octane T Optima-60 EDX detector in TEM mode. 

2.7. Current – voltage characterization 

CdS/ZnS/N719 co-sensitized TiO2 photoanode and Pt coated counter 
electrode were assembled with coated sides facing each other using two 
gently pressed stainless-steel clips. I− /I3− electrolyte solution was injec-
ted in to the space between the photoanode and the counter electrode to 
form a sandwich structure. Current-voltage measurements of each 
QDSSCs were made under the illumination of 100 mW cm− 2 with AM 
1.5 spectral filter using a computer-controlled multi-meter (Keithley 
2000 model) coupled to a potentiostat/galvanostat unit (HA-301). The 
active area of the co-sensitized solar cell was 0.12 cm2. Similarly, N719 
dye-sensitized solar cell was characterized under the same conditions 
and used as the control device. 

2.8. Electrochemical impedance spectroscopy (EIS) measurements 

Electrochemical impedance spectra of solar cells fabricated using (a) 
N719 dye-sensitized TiO2 photoanodes and (b) using CdS/ZnS/N719 co- 
sensitized TiO2 photoanodes were obtained by using Autolab potentio-
stat/galvanostat PGSTAT128 N with FRA 32 M frequency response 
analyzer (Metrohm) under the illumination of 100 mW cm− 2 with AM 
1.5 spectral filter in the frequency range between 0.01 Hz and 1 MHz. 

2.9. IPCE measurements 

Incident photon to current conversion efficiency (IPCE) measure-
ments of N719 dye-sensitized solar cells and CdS/N719 co-sensitized 
solar cells with and without ZnS layer were performed using Bentham 
PVE300 IPCE measurement system with TMc300 monochromator and 
Xenon arc lamp. Wavelength of the monochromator was varied between 
300 nm and 1100 nm. 

2.10. Stability tests 

In this work, we studied the effect of co-sensitization using an 
acetonitrile based conventional liquid electrolyte without sealing and all 
solar cell measurements were taken immediately after assembling the 
cells. In this situation, after about 3 h, we observed that the efficiency 
reduced by about 30%. After 12 h efficiency reduced by 42%. 

However, after the solar cell edges s were sealed with silicon glue, 
after 48 h, the efficiency was found to drop only by 0.5% from the initial 
value (as prepared). After this the, efficiency was reduced by about 12% 
after 15 days. 

If we use better sealing methods with solvent electrolyte OR if we 
replaced the liquid electrolyte by quasi-solid (gel) electrolyte, we could 
have enhanced the stability further. However, in this study, our focus 
was only on the effect of co-sensitization. 

3. Results and discussion 

3.1. Optimization of CdS film deposition by SILAR method 

Fig. 2 shows the optical absorption spectra of bare TiO2 electrode and 
CdS quantum dot-sensitized TiO2 electrodes with different number of 
SILAR cycles used for the optimization. Absorption increases with the 
number of SILAR cycles and the CdS quantum dot-sensitized TiO2 
electrodes shows a broad absorption between 450 and 550 nm and the 
absorption peaks shift towards the higher wavelength region with the 
number of SILAR cycles. It clearly shows that the size of the CdS quan-
tum dots increases with the number of SILAR cycles similar to other 
quantum dots reported [32,33]. 

Fig. 3 shows (Ahν)2 versus photon energy (hν) plots. Here, A is the 
absorption coefficient of the photoanode material, h is the Planck’s 
constant and ν is the frequency of the incident photon. Optical energy 
band gap of the CdS quantum dot sensitized TiO2 electrodes decreases 
with the number of SILAR cycles due to the quantum confinement effect 
[34]. Calculated optical band gaps of CdS photoanodes extracted from 
the intersections of the straight lines are listed in Table 1. 

As seen from Table 1, the optical energy bandgap of the TiO2/CdS 
photoanodes decreases with the increasing number of CdS SILAR cycles. 
Absorption of the bare TiO2 is in the ultraviolet region. After incorpo-
ration of CdS quantum dots, the absorption of the TiO2 electrode is red 
shifted. Therefore, the optical bandgap of the TiO2/CdS electrode has 
narrowed from 3.26 to 2.90 eV due to the incorporation of CdS quantum 
dots. This confirms the shifting of the absorption spectra towards long 
wavelengths with the number of SILAR cycles. In this study, the number 
of SILAR cycles was varied while the dipping times for each precursor 
solution were kept unchanged at 1 min. Jeong et al. [35] studied the size 
of the CdS quantum dots with SILAR adsorption time by fixing the 
number of SILAR cycles and changing the adsorption time. They have 
obtained the best photoanode corresponding to 30 min adsorption time 
and concluded that, more adsorption time will cause aggregation of CdS 
quantum dots. The amount and size of the CdS quantum dots have a 
significant impact on the photocurrent density and a suitable photo-
anode has been identified by current-voltage characterization of the 
fabricated CdS QDSSCs. In the present work, as shown in Fig. 8, the CdS 
quantum dot sensitized, TiO2/CdS photoanode corresponding to 10 CdS 
SILAR cycles has shown the highest solar cell efficiency of 1.12%. 
However, as seen from Fig. 9, the CdS/N719 co-sensitized photoanode 
made with 6 SILAR cycles of CdS quantum dots shows the highest solar 

Fig. 2. Optical absorption of TiO2 electrode and CdS quantum dot-sensitized 
TiO2 electrodes. 
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cell efficiency. 

3.2. TEM and EDX analysis 

Fig. 4 shows the TEM image of CdS quantum dot-sensitized TiO2/CdS 
electrode made with 6 CdS SILAR cycles covered with a ZnS passivation 
layer. This number of SILAR cycles for co-sensitization with N719 dye 
was optimized by current-voltage characterization of solar cells fabri-
cated with TiO2/CdS/ZnS photoanode. The size of the CdS quantum dots 

is in the range between 4.0 and 4.5 nm. ZnS passivation layer also can be 
seen in the TEM image. Presence of ZnS is further confirmed by EDX 
analysis. 

Fig. 5 shows the EDX spectrum of CdS quantum dot-sensitized TiO2 
electrode with ZnS passivation layer labeled as TiO2/CdS/ZnS electrode. 
This EDX spectrum confirms the presence of Cd, Zn and S in the TiO2 
electrode. 

3.3. Optical absorption of N719 dye solution 

Fig. 6 shows the optical absorption spectrum of N719 dye solution 
which shows the main absorption peaks around 525 nm in the mid- 
visible region. 

Fig. 7 shows the optical absorption spectra of bare TiO2 photoanode, 
TiO2/CdS photoanode, TiO2/CdS/N719 co-sensitized photoanode and 
TiO2/CdS/ZnS/N719 co-sensitized photoanode. From this figure, it is 
clear that the TiO2 photoanode, co sensitized with CdS Q-dots and the 
N719 dye has significantly enhanced the optical absorption of the 
photoanode in the wavelength range between 420 and 550 nm. Intro-
duction of the ZnS passivation layer shows only a marginal increase of 
optical absorption on this region. 

3.4. Optimization of CdS film thickness 

Appropriate size and amount of CdS quantum dots in co-sensitized 
TiO2 electrode play a major role in the efficiency of the solar cells. 
Fig. 8 displays the variation of SILAR cycle number on the efficiency of 
CdS QDSSCs. With the incorporation of CdS Q-dots, efficiency of the CdS 
QDSSCs gradually increases with number of SILAR cycles up to a 
maximum value of 1.12% corresponding to 10 SILAR cycles. In this 
range, the amount and size of the quantum dots incorporated in the 
photoanode increase with number of SILAR cycles which enhances the 
photon absorption thereby increasing the performance of the solar cells. 
However, when the number of SILAR cycles increased beyond 10, the 
efficiency decreases. This could be due to the agglomeration of small size 
CdS to form bigger particles limiting the contact area for redox species of 
the electrolyte with the photoanode. Due to this, photoelectron transfer 
and regeneration of the quantum dots are affected. Aggregation of 
quantum dots and can also weaken the average electronic coupling and 
increase the average distance between the quantum dots and TiO2 
nanostructure [36–39]. 

Fig. 9 shows the efficiency of the TiO2/CdS/N719 co-sensitized solar 
cells with the number of SILAR cycles for CdS deposition. Efficiency of 
the co-sensitized solar cell gradually increases almost linearly with the 
number of SILAR cycles and exhibits the maximum efficiency of 6.73% 
corresponding to 6 SILAR cycles. Beyond the 6 SILAR cycles, the effi-
ciency decreases quite similar to the mechanism described earlier. 

In the TiO2/CdS/N719 photoanode also increasing the number of 
CdS SILAR cycles leads to an increase in the size of the quantum dots 
which affects the average separation between the quantum dots and the 
TiO2 nanostructure while the increase in the number of quantum dots 
lead to an aggregation and reduces the performance of the solar cell [36, 
37]. This feature is clearly shown schematically in Fig. 10(b). When the 
SILAR cycle number is increased to 6 and above, it will increase the 
number as well as the particle size of CdS quantum dots in the TiO2 
photoanode, which, when dipped in the N719 dye solution, will clog the 
pores of TiO2 nanoporous structure. This will limit the diffusion of the 
electrolyte into TiO2 pores, leading to a higher recombination of 
photoexcited electrons, and reducing the short-circuit current density as 
described also by Li et al. [30]. According to them, the excessive CdS 
quantum dots can act as a kind of recombination center instead of 
providing a favorable electron transfer. 

3.5. Incorporation of ZnS passivation layer 

Fig. 11 shows the efficiency variation of the co-sensitized solar cells 

Ah

h

Fig. 3. (Ahν)2 versus photon energy (hν) plots of CdS quantum dot-sensitized 
TiO2 electrodes. 

Table 1 
Variation of estimated optical energy gaps of photoanodes with different CdS 
SILAR cycles.  

Photoanode Optical energy gap 
(eV) 

Photoanode Optical energy gap 
(eV) 

TiO2 3.26 TiO2/CdS (7) 3.05 
TiO2/CdS (1) 3.18 TiO2/CdS (8) 3.04 
TiO2/CdS (2) 3.17 TiO2/CdS (9) 3.02 
TiO2/CdS (3) 3.14 TiO2/CdS (10) 2.99 
TiO2/CdS (4) 3.12 TiO2/CdS (11) 2.96 
TiO2/CdS (5) 3.10 TiO2/CdS (12) 2.92 
TiO2/CdS (6) 3.06 TiO2/CdS (13) 2.90  

Fig. 4. TEM image of CdS quantum dot-sensitized TiO2 electrode.  
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Fig. 5. EDX spectrum of TiO2/CdS/ZnS electrode.  

Fig. 6. Optical absorption spectrum of N719 dye solution.  

Fig. 7. Optical absorption spectra of (1) bare TiO2 electrode, (2) TiO2/CdS 
photoanode, (3) TiO2/CdS/N719 photoanode and (4) TiO2/CdS/ZnS/ 
N719 photoanode. 

Fig. 8. Variation of efficiency of TiO2/CdS QDSSCs with number of CdS 
SILAR cycles. 

Fig. 9. Efficiency variation of TiO2/CdS/N719 co-sensitized solar cells with the 
number of CdS SILAR cycles. 
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with the number of SILAR cycles for ZnS interfacial layer deposition. 
Efficiency of the solar cell gradually increases with the number of SILAR 
cycles and show a maximum value of 6.79% corresponding to 2 cycles. 
In the presence of a narrow ZnS passivation layer, the photostability of 
the CdS quantum dots has been improved by preventing the chemical 
corrosion from the iodide electrolyte without affecting the photoin-
duced charge transfer process. Beyond the two SILAR cycles, the effi-
ciency gradually decreases. Thicker ZnS layer reduces the photoelectron 
transfer. 

3.6. Photovoltaic performance comparison 

Fig. 12 shows the current-voltage characteristics of N719 dye- 
sensitized solar cell and CdS/ZnS/N719 dye co-sensitized solar cell. 
Co-sensitized solar cell shows a higher short-circuit current density due 
to the efficient absorption and charge carrier injection to the TiO2 
conduction band. Photovoltaic parameters are summarized in Table 2. 

The best co-sensitized solar cell shows an efficiency of 6.79% with a 
highest short-circuit current density of 15.55 mA cm− 2. The corre-
sponding solar cell sensitized only with N719 dye shows an efficiency of 
6.10% under the same illuminating conditions. Enhancements of 
11.31% in efficiency and 12.11% in current density have been achieved 
due to the co-sensitization of the DSSCs by the dye and CdS quantum 

dots. 

3.7. IPCE measurements 

Fig. 13 shows the IPCE curves of CdS quantum dot-sensitized solar 
cell, N719 dye-sensitized solar cell, CdS/N719 co-sensitized solar cell 
and CdS/ZnS/N719 co-sensitized solar cell with ZnS layer. Estimated 
IPCE values are 47.3%, 56.1%, 57.0 and 59.5% respectively. CdS QDSSC 
shows a broad peak around between 450 and 500 nm which corresponds 
to the strong absorption of CdS quantum dots (Fig. 7). Similarly, DSSC 

Fig. 10. Effect of quantum dot aggregation on the electron transfer (a) no 
aggregation of CdS quantum dots (b) more aggregation of CdS quantum dots. 

Fig. 11. Efficiency variation of CdS/ZnS/N719 co-sensitized solar cells with the 
number of ZnS SILAR cycles. 

Fig. 12. Current-voltage characterization of dye-sensitized solar cell and CdS 
Q-dot/dye co-sensitized solar cell under the simulated light of 100 mW cm− 2 

with AM 1.5 spectral filter. 

Table 2 
Photovoltaic parameters of the dye sensitized and co-sensitized solar cells under 
the illumination of 100 mW cm− 2  

Sensitizers JSC (mA cm− 2) VOC (mV) FF (%) Efficiency (%) 

N719 dye 14.59 762.10 57.75 6.10 
CdS/ZnS/N719 dye 15.55 764.50 57.13 6.79  

Fig. 13. IPCE curves of CdS QDSSC, N719 dye-sensitized solar cell, CdS/N719 
dye co-sensitized solar cells with and without ZnS coating. 
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shows a broad peak between 450 and 650 nm which corresponds to the 
absorption of the N719 dye (Fig. 6). There is no significant enhancement 
in the maximum value of the IPCE due to the co-sensitization. However, 
the spectral response range of CdS/ZnS/N719 co-sensitized solar cell is 
wider than N719 dye-sensitized solar cell. IPCE depends on light har-
vesting efficiency, charge injection efficiency and charge collection ef-
ficiency [40]. Optimized amount and size of CdS quantum dots and dye 
in the photoanode enhances the light absorption and the suitable band 
alignment of quantum dot and N719 dye enhances the efficient charge 
injection. 

3.8. Analysis of EIS spectra 

Electrochemical parameters of the best N719 based dye-sensitized 
solar cell and the best CdS/ZnS/N719 co-sensitized solar cell were 
extracted by fitting suitable equivalent circuits to the Nyquist plots as 
shown in Fig. 14. Fig. 15 shows the corresponding Bode phase plots of 
the two solar cell types. CPE1 and CPE2 are the constant phase elements. 
RS is the series resistance which represents the FTO/TiO2 interface, R1CT 
is the resistance at the counter electrode/electrolyte interface and R2CT 
is the resistance at the photoanode/electrolyte interface which is known 
as the recombination resistance. W is the finite Warburg impedance 
element. 

Fig. 15 shows the Bode phase plots of N719 dye-sensitized solar cell 
and CdS/N719 co-sensitized solar cell. Estimated interface resistances 
and electron lifetimes of the solar cells are listed in Table 3. 

There is no significant change in the series resistance Rs between the 
two solar cells. However, the CdS/ZnS/N719 co-sensitized solar cell 
shows a lower charge transfer resistance (R1CT) and a high recombina-
tion resistance (R2CT) compared to the N719 DSSC. This indicates that 
the recombination of the electrons in the co-sensitized photoanode and 
the electrolyte has reduced. It has been reported that a TiO2 atomic layer 
deposition between CdS QDs and the dye of a quantum dot and dye co- 
sensitized solar cells can enhance the performance by reducing the 
interfacial recombination of electrons [43,44]. The increase in Jsc in the 
CdS QD sensitized solar cell with ZnS layer between the CdS QD and 
N719 dye molecules in the present work also appears to be due to the 
cumulative effect of low charge transfer resistance R1CT and low charge 
recombination rate. 

R2CT represents the charge transfer resistance at the TiO2/Quantum 
dots/electrolyte interface within the TiO2 photoanode which corre-
sponds to the second and large semicircle in the Nyquist plot. Because 
R2CT represents the charge recombination resistance, the higher the 
value of R2CT, it is harder for the photogenerated electrons in the pho-
toanode to recombine with the electrolyte redox couple leading to a 
decrease in the charge recombination rate. The electron lifetime is 
longer for the cell with CdS/ZnS/N719 co-sensitized TiO2 photoanode 
than that of the cell with TiO2 photoanode without ZnS passivation 
layer. This clearly suggests that the CdS/ZnS/N719 co-sensitized TiO2 
photoanode with the ZnS passivation layer has prolonged the electron 
lifetime leading to reduced charge recombination at the TiO2/CdS/ZnS/ 
N719 photoanode-electrolyte interface. Reduced interface charge 
recombination also contributes to a higher Voc as observed in the present 
case (Table 2). These results confirms that fact that the Q-dots/dye co- 
sensitization facilitates effective electrons transfer with less recombi-
nation resulting in a higher short-circuit photo current [41,42]. 

3.9. Stability tests 

In this work, we studied the effect of co-sensitization using an 
acetonitrile based conventional liquid electrolyte without sealing and all 
solar cell measurements were taken immediately after assembling the 
cells. In this situation, after about 3 h, we observed that the efficiency 
reduced by about 30%. After 12 h efficiency reduced by 42%. However, 
after the solar cell edges were sealed with silicon glue, after 48 h, the 
efficiency was found to drop only by 0.5% from the initial value (as 
prepared). After this the efficiency was reduced by about 12% after 15 
days. All our measurements used for solar cell characterization were 
done for “as fabricated” solar cells as the focus of this study was to study 

Rs
R1CT R2CT

CPE1 CPE2

RS

R1CT R2CT

W

CPE1 CPE2

Z

Z

Fig. 14. Nyquist plots of the N719 dye-sensitized solar cell and the CdS/ZnS/ 
N719 co-sensitized solar cell measured under the intensity of 100 mW cm− 2 

with AM 1.5 filter. 

Fig. 15. Bode phase of the N719 dye-sensitized solar cell and the CdS/ZnS/ 
N719 co-sensitized solar cell extracted from the EIS spectra shown in Fig. 13. 

Table 3 
Electrochemical impedance parameters of the N719 dye-sensitized solar cell and 
the CdS/ZnS/N719 co-sensitized solar cell obtained from fitting the data to the 
equivalent circuits shown in Fig. 13 using Nova software.  

Sensitizer RS 

(Ω) 
R1CT 

(Ω) 
R2CT 

(Ω) 
τ 
(ms) 

JSC (mA 
cm¡2) 

Efficiency 
(%) 

N719 dye 32.5 41.3 52.3 6.1 14.6 6.10 
CdS/ZnS/ 

N719 dye 
34.2 32.8 71.4 8.6 15.6 6.79  
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the effect of co-sensitization. 

4. Conclusion 

CdS/N719 dye co-sensitized solar cells along with a ZnS layer be-
tween the CdS Q-dots and the N719 dye molecules were fabricated and 
characterized with optimized amount of CdS quantum dots and N719 
dyes in the TiO2 photoanode. It shows a maximum efficiency of 6.79% 
corresponding to 6 CdS SILAR cycles and 2 ZnS SILAR cycles. The results 
demonstrate that the CdS Q-dot/N719 dye along with ZnS interfacial 
layer can significantly improve the short circuit current density of the 
solar cell and enhance the energy conversion efficiency while also 
improving the stability of the CdS Q-dots against reactions with redox 
electrolyte. This structure also reduces the photo-excited electron 
recombination with the electrolyte while reducing the internal resis-
tance as confirmed by optical absorption, I–V, IPCE and EIS measure-
ments. The optimized co-sensitized solar cell shows an efficiency of 
6.79% with a higher short-circuit current density of 15.55 mA cm− 2. The 
corresponding solar cell sensitized only with N719 dye shows an effi-
ciency of 6.10%. 
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