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Abstract 
Solution-processed mesoscopic oxide semiconductor-based materials offer potentially low-

cost and high stability alternative for next generation of solar cells, and metallic 

nanoparticles had shown to be a good alternative to improve specific parameters in such 

kind of devices. In the present work, it is showed the systematic study of the effect of 

electrophoretic gold nanospheres (Au NPs) with cadmium sulfide Quantum Dots (CdS QDs) 

sensitized TiO2 solar cells. Au NPs were added by electrophoretic deposition at several 

times (0.5, 2.5 and 7.5 minutes) and CdS QDs were deposited by a Successive Ionic Layer 

Absorption and Reaction (SILAR) method. Electrophoretic deposition allowed to 

significantly decrease the Au NPs deposition times respect previously reported methods. 

The results show that Au NPs reduce the photocurrent (from 9.85 to 9.44 mA/cm2) at the 

same time that increase the open circuit voltage (Voc) (from 575 to 618 mV) and the Fill 

Factor (FF) (from 46 to 51 %) which result in a final increase of the photoconversion 

efficiency (K) (from 2.63 to 2.96 % for 0.5 min of deposit). A systematic characterization 

permitted to identify the origin of the variations observed in the solar cell parameters with 

and without Au NPs. Incident Photon to Current conversion efficiency (IPCE) demonstrate 

that the Au NPs reduces the amount of light that reach the CdS QDs and Impedance 

Spectroscopy (IS) analysis, indicates a downshift in the TiO2 conduction band (CB) and 

decreases the recombination processes, resulting in the observed increase in the FF and Voc. 
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1. Introduction 

The semiconductor Quantum Dots (QDs) have attract significant attention as possible 

candidates for increase the energy conversion efficiency in the solar cells, since their 

theoretical maximum efficiency is 44% QDs, e.g., CdSe, CdTe, CdS, PbS, PbSe, Bi2S3, and 

InP,[1-11] have been studied due to several advantage of the QDs, e.g.,have large 

extinction coefficients in the visible region and, after band gap excitation, undergo charge 

separation, injecting electrons to the conduction band of the metal oxide. QD-sensitized 

TiO2 solar cells have been reported to have quantum efficiency (QE) as high as 80%, [1-11] 

reaching photoconversion efficiencies (η) of 8%.[3,12]. Thus, for such a configuration, it is 

necessary to improve the electron injection efficiency to increase η and take advantage of 

the QDs strong photoabsorption in the visible spectrum.   

 The photoresponse of semiconductors has also been improved with the presence of 

metallic NPs such as gold (Au) and silver (Ag), although the mechanism of the observed 

enhancement is not completely understood[3,5,13-20]. It has been suggested that such NPs 

enhance the visible-light-induced, electron-transfer process via Surface plasmon 

resonance.[3,21-28] However, mechanistic evidence that directly supports electron transfer 

arising from plasmon excitation remains elusive.[3,29,30] However, a strong increase in 

photoconversion efficiency with QD-sensitized Au-TiO2 NP composite have been found 

which was attributed to enhanced absorption of QDs caused by increased scattering of light 

by the Au NPs[13,17]. Other authors, had found that Au NPs act as electron traps to help 

separate the photogenerated charges and subsequently improve interfacial charge 

transfer[10,16,31-33]. Studies also have shown a shift in the Fermi level to a more negative 
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level (in respect to vacuum) by doping the semiconductor with metal NPs. This shift 

enhances the efficiency of the interfacial charge transfer process [1,10,16,18,31-36]. In this 

case a 40% improvement of hole transfer efficiency from the semiconductor film to the 

electrolyte has been reported[2,4,6,8-10,31,37-41].  

 

 One of the motivations in PV cell studies is to understand the processes involved in 

the charge carrier transport inside the cell.[1,3,5,7] The semiconductor/electrolyte interface 

extends to the entire film volume, implying that transport, reaction, and polarization 

processes occurring throughout the porous structure of the film are coupled in an intricate 

manner.[3,12] Electrochemical impedance spectroscopy (EIS) is an excellent and well-

established technique for characterizing electrochemical systems, most notably for those 

involving a number of coupled processes.[3,5,13-20] EIS can identify important parameters 

affecting the cell performance, such as: (i) electron transport in the TiO2, which is 

influenced by the free carrier density and electron mobility, the latter being likely 

dependent on the carrier density, as the electron motion is a trap limited process,[3,21-

23,25-28] (ii) transfer of electrons to redox species in the electrolyte (sometimes named 

recombination or back reaction process in the context of DSSC studies), (iii) charging of 

the contact on the transparent conducting substrate (TCS) with the electrolyte (provided 

that the electrolyte penetrates the porous structure up to the substrate), and (iv) charging of 

capacitive elements in the high surface area porous structure, including the Helmholtz 

capacitance in the TiO2/electrolyte interface and the capacitances related to filling of the 

conduction band and surface states of the TiO2 in the porous structure.[3,29,30] In addition, 

the lifetime, the diffusion coefficient, and the diffusion length could be obtained[13,17]. 

In this work, we report a systematic characterization of CdS QDs sensitized TiO2 films 
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decorated with Au NPs at different times of electrophoretic deposition. The objective is to 

improve the overall photoconversion efficiency by extracting more efficiently the electrons 

from the QDs with the help of Au NPs. A detailed study of the structural, optical, and 

photoelectrochemical properties was carried out to gain new insight into the underlying 

mechanism. Impedance analyses indicate that Au NPs deposited by this method affect at 

the same time two parameters, reducing the recombination processes and downshifting 

position of the TiO2’s CB, which result in an increase of the Voc, the electron transport and 

consequently the FF and K. 

 

2. Experimental 

2.1. Preparation of TiO2 sensitized films 

Materials. 

TiO2 Paste (WER2-0 Reflector) and TiO2 Paste (DSL 18NR-T) were obtained from 

DYESOL, Titanium (IV) isopropoxide (97%), Acetylacetone (>99%), Cadmium acetate 

dehydrate (Cd(CH3COO)2x2H2O), Zinc acetate dihydrate (Zn(CH3COO)2x2H2O) and 

Sodium hydroxide (NaOH) were obtained from Sigma-Aldrich. Sulphur (S), and Sodium 

sulphide (Na2Sx9H2O) were obtained from KARAL and Fluorine-doped tin oxide (FTO) 

TEC-15 by MTI. 

 

TiO2 film Preparation. 

Fluorine-doped tin oxide (FTO) glasses were cleaned with water, acetone and ethanol in an 

ultrasonic bath for 15 min each before use. All the photoelectrodes were made of three 

different TiO2 layers stacked one on the top of the other. 1) Compact layer: A solution of 
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titanium (IV) Isopropoxide (0.2M) in acetylacetone/ethanol (1:1 V:V) deposited by spray 

pyrolysis over an FTO and sintered at 450 °C for 30 min to obtain a 190 nm layer. This 

layer will avoid shortcuts reducing the recombination processes between the electrolyte and 

the FTO. 2) Transparent layer: TiO2 paste, (DSL 18-NRT, 20 nm average particle size) is 

deposited over the compact layer by Doctor Blade method obtaining a 6μm thick film. This 

layer will be the active layer i. e. where the sensitizers will be adsorbed and the mayor of 

the photo absorption process will be done. And 3) Scattering layer: a 9 µm layer is obtained 

by doctor blading depositing Wer2-O Reflector paste (400 nm particle size). This last layer 

will scatter the light that has passed through the first two layers without been absorbed, 

giving a second chance to be absorbed by the QDs. [4,11,42,43] The films were sintered for 

30 min at 450 °C to obtain a good electrical contact between nanoparticles.  

 

Au nanoparticles synthesis. 

The synthesis of Au NPs was based on the Turkevich method, by adding 3.75 ml of 1%wt. 

sodium citrate solution to a 0.001M HAuCl4 boiling solution and stirring at 500 rpm, until 

ruby red solution. Then the solution was cooled to room temperature and filtered.  With this 

procedure13 nm particles were obtained. The size and shape were verified via UV-Vis 

absorption spectroscopy and TEM.  

Au deposit 

After synthesis, the Au NPs were deposited on the TiO2 films by electrophoresis. The 

samples were placed face to face with an FTO at distance of 0.2 cm and inserted in a 

cuvette with 2.5 mL of a colloidal suspension of the corresponding Au nanoparticles. Next, 

a 5V DC voltage was applied between the TiO2 films for several deposition times.  
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Film sensitization: 

The TiO2/Au Nps electrodes were in situ sensitized with CdS QDs grown by SILAR. For 

this purpose, solutions of 0.05M Cd(CH3COO)2 dissolved in ethanol as Cd2+ source and 

0.05 M Na2S in methanol:water (V:V = 1:1) as S2- source, were used. A single SILAR 

cycle consisted of 1 min dip-coating the TiO2 electrode into the cadmium solution (Cd2+) 

and subsequently into the sulfide solutions, also during 1 min. After each dipping step in a 

precursor solution, the electrodes were thoroughly rinsed by immersion in the 

corresponding solvent in order to remove the excess of precursor. Seven SILAR cycles 

were done to obtain a uniform coverage of the TiO2 NPs with CdS QDs. To enhance the 

photovoltaic performance ZnS is deposited by SILAR for passivate CdS surface and reduce 

the recombination of electrons in the TiO2 to the polysulfide electrolyte [1,10,16,18,31-

33,35,36].  ZnS passivation was obtained by using 0.1M of Zn(CH3COO)2x2H2O and 0.1 

M of Na2S both dissolved in water as Zn2+ and S2- sources respectively. The films were 

dipped for 1 min/dip in the solutions during 2 SILAR cycles. 

 

Counter electrode manufacturing and assembling of solar cells: 

Cu2S counter electrodes were fabricated by immersing brass foil in an HCl solution (38% 

by volume) at 90 ºC for 1 hour. These substrates were sulfated by adding a drop of poly- 

sulfide electrolyte solution made by mixing solutions of Na2S (1 M), S (1.0 M), and NaOH 

(0.1 M) in distilled water. The solar cells were constructed by assembling the Cu2S counter 

electrode and the sensitized TiO2 film electrode with a binder clip separated by a scotch 

spacer. Lastly, a polysulfide electrolyte was introduced by dropping into the solar cell. 

 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

 7 

 

2.2. Characterization 

Transmission Electron Microscopy (TEM) images were obtained from a FEI- Titan 80-300 

KeV, microscope, equipped with ultra-stable Schottky field emitter gun. The UV-vis 

absorption spectra of the colloidal Au NPs were measured by transmittance and substrates 

were measured by diffuse reflectance in the range of 360 nm to 800 nm using an Agilent 

Technologies Cary Series UV-Vis-NIR spectrophotometer (Cary 5000) and an integrating 

sphere of 60 mm. The current density curves were measured with a reference 600 Gamry 

potensiotat, scanning from 0 to 600 mV at 100 mV/S. The samples were illuminated with 

an Oriel Sol 3A solar simulator while measuring. The light intensity was adjusted 

employing a NREL calibrated Si solar cell having KG-2 filter for one sun light intensity 

(100 mW/cm2). Best results are reported. IPCE spectra measurements were made with a 

monochromator (Newport model 74125). Electrochemical Impendance Spectroscopy (EIS) 

measurements were carried out by applying a small voltage perturbation (10 mV) at 

frequencies from 100 Hz to 0.1 Hz for different forward bias voltages in dark conditions. 

 

3. Results 

3.1. Structural and Morphological Characterization 

Au Nanostructured particles 

The representative electron microscopy images from the gold nanostructured particles are 

shown in Figure 1. Nanospheres (NPs) have typically 12 nm of diameter and have good 

size confinement 
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TiO2 films 

In Figure 2 are presented SEM images of the transparent layer of the TiO2 films. It can be 

seen that when not decorated (Figure 2 a) the films are composed for 35nm average size 

TiO2 NPs agglomerated in a homogenous high porous arrangement. When Au NPs are 

electrophoretic deposited (see Figure 2 b), spherical particles of approximately 13 nm are 

observed on the film indifferently of the polarity applied to the sample during the deposit. 

The size and shape of the nanoparticles indicate that they are Au NPs. When the films are 

SILAR sensitized the TiO2 NPs are completely covered by the CdS QDs, partially filling 

the spaces between the particles. This gives the films a soft and less porous appearance (see 

Figure 2 c). Finally, when the films are decorated with Au NPs and sensitized with CdS to 

form TiO2/Au/CdS samples (Figure 2 d), a uniform coverage of the film with the QDs is 

obtained. But the appearance of the deposit is gnarled due to the presence of the Au NPs. 

EDS analyses of the films (Figure 2 e) confirm the presence of the Au NPs and Cd and S 

from the QDs. 

 

Optical Absorption 

The absorption spectra of the Au NPs, bare TiO2 films, CdS QDs sensitized TiO2 films, 2.5 

minutes Au NPs electrophoretic decorated films, Au decorated/ CdS QDs sensitized TiO2 

films are shown in Figure 3. The Au NPs abortion (red circles) presents a well-defined peak 

at 519 nm that is consistent with the surface plasmon resonance (SPR) for such size of NPs. 

The TiO2 films (black solid line) have almost no absorption in the visible region, rapidly 

increasing for wavelengths (O) lower than 400 nm. When Au NPs deposit is done for 2.5 

min (orange +) there is a uniform increase in the absorption between 380 and 800 nm, 
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pointing to a light scattering effect. While,  CdS sensitization of the TiO2 films (blue doted 

line) produces an absorption shoulder from 400 to 500 nm, which corresponds to the 

absorption of the CdS QDs[1,12,24,34]. Finally, when CdS sensitization is done in 2.5 min 

Au NPs decorated films, the shape in obtained spectra is similar to the films only sensitized 

with CdS QDs. But have a general increase in the absorption in the visible region, this 

increase match with the increase obtained in samples only decorated with Au NPs (orange 

+). 

3.2. Photoelectrical Conversion Measurements 

J-V Curves 

 

Figure 4 shows the current density-voltage (J-V) profiles of the TiO2 films decorated by 

electrophoresis with Au NPs and further sensitized with CdS QDs (TiO2/Au/CdS) at 

several deposition times. Fill Factor (FF) and photoelectrical conversion efficiency (η) were 

calculated using Eq. 1 and Eq. 2 for short-circuit current density (Jsc) and open-circuit 

voltage (Voc) obtained from the curves[12-16,18,44,45] 

 

𝐹𝐹 = ௉೘
௃ೞ೎௫௏೚೎

𝑥100    (1) 

 

𝜂 = ௉೘
௉೔

𝑥100 =  𝐹𝐹 ௃ೞ೎௫௏೚೎
௉೔

      (2) 

 

where, Pm is the maximum power (J×V product) observed from the current density-voltage 

curve for each device and Pi is the incident light power density (100 mW×cm-2). Four 
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samples of each configuration were measured, finding a maximum relative standard 

deviation of 1.8%. Champion values are listed in Table 1. 

 Analyzing the curves, it can be seen than the TiO2/CdS films (black line), have a Jsc 

of 9.85 mA/cm2 an Voc of 575 mV, a FF of 46.5% and a photoconversion efficiency of 

2.63%, which is in good agreement with the efficiencies reported for this kind of solar 

cells[13,14,16,18,46-49]. When a 30s Au NPs deposit is applied (TiO2/Au(0.5)/CdS), a 

small reduction in the photocurrent is obtained (Jsc 9.5 mA)  maintaining relatively constant 

for longer deposition times (9.5 and 9.4 mA for 2.5 and 7.5 min respectively). At the same 

time, the Au NPs deposit increases the Voc to 612 mV at 30 seconds of deposit. Maintaining 

almost constant for 2.5 min of deposit (618 mV) and reducing for higher times (570 mV for 

7.5 min). In a similar way, the Au NPs deposit increases the FF to 51.0% with the first 30 

seconds of electrophoresis, and maintaining almost constant for higher deposition times (50 

and 50.3 for 2.5 and 7.5 min respectively). Finally, to test the deposition order effect, 

TiO2/CdS/Au samples were made. Inset in Figure 4 shows the champion cells of each 

configuration (TiO2/CdS ,TiO2/CdS/Au and TiO2 /Au/CdS). It can be seen that Au NPs 

addition after CdS sensitization result in a general reduction of the cell performance, 

possibly due to a partial removing or damage of the QDs.  

 

IPCE Characterization 

Jsc is mainly dominated by two phenomena, the photogeneration (i.e. the process where 

photons are absorbed to generate electron hole pairs) and the injection (the transference of 

the electrons and holes from the photogenerator to the electron and hole transporter 

respectively). To understand the photogeneration in terms of the contribution of each 
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wavelength, the incident photon to current conversion efficiency (IPCE), A.K.A.external 

quantum efficiency (QE), was calculated by was calculated by the expression.  

 

 𝐼𝑃𝐶𝐸(%) = ଵଶସ଴ ௫ ௃ೞ೎(௠஺/௖௠మ)
ఒ(௡௠)௫ ௉೔೙೎(௠ௐ/௖௠మ)

 𝑥 100   (3), 

 

Where Pinc stand for the light incident power. Figure 5 shows the IPCE curves 

TiO2/Au/CdS samples. Here it can be appreciated that samples without Au NPs have a QE 

higher than 60% in the 380-530nm, reaching it maximum at 460 nm (QE=72%) and rapidly 

decreasing for O>550 nm.With 0.5 min of Au NPs deposit (green line) a reduction in the 

QE in the 380-530 nm region is obtained with an small increase over a wide range of 

wavelengths between 550 and 700 nm, when the deposition time is increased to 2.5 min 

(blue line) it is obtained almost the same spectrum than for 0.5 min but without the 

contribution in the 550 to 700 nm. With higher deposition times (7.5 min, pink line) a 

stronger reduction of QE are observed. These reductions in the QE are consistent with the 

reductions in Jsc. These results in conjunction with the absorbance curves indicate that a 

small coverage with Au NPs could increase the photoabsorption of the CdS or electron 

injection into the mesoscopic TiO2 due to the good conductivity of Au NPs. While for 

higher coverage Au NPs act as an optical filter reducing the amount of light reaching the 

absorbing elements (TiO2 and QDs). 

 

 Electrochemical Impedance 

Electrochemical impedance spectroscopy (EIS) measurements were carried out to 

explain the trends observed in the solar cell parameters (particularly Voc and FF) in terms of 
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the internal physical processes when Au Nanoparticles are deposited. To do appropriate fit 

the EIS measurements, the equivalent circuit shown in Figure 6 was used 

[5,21,23,24,26,50-52] Where Rs is the series resistance and is related to the resistance of 

FTO and the wires resistance, Rcon and Ccon are the resistance and capacitance associated to 

the charge transfer in the counter electrode, Rt (=rt/L) is the transport resistance, and is 

related with the resistance to the electron flux inside of TiO2/sensitizer composite, which 

include the electron transport inside of the nanostructured particles, and between the 

nanostructured particles. Rrec (=rrec/L) and Cµ (=cµL) are the charge transfer resistance and 

the chemical capacitance respectively. Where Rrec is inversely proportional to the 

recombination rate. These last three mentioned elements are denoted in lowercase 

letters in figure 6 meaning the element per unit length for a film of thickness L, 

because they are distributed in a repetitive arrangement of a transmission line.  

Cµ, Rrec and Rt extracted from the EIS fitting of the CdS and Au/CdS sensitized solar 

cells are shown in Figure 7. Cµ is represented versus the applied voltage (Vapp) less the 

voltage drop due to FTO and wire resistance at the photoanode (Vseries=RsxJ). Then the new 

voltage is defined as Vf=Vapp-Vseries [29,50,53,54]. The chemical capacitance is proportional 

to the density of states (DOS) in the band gap, DOS increases exponentially with the 

proximity to the conduction band (CB), then, an increase in Cµ suggest a displacement to 

lower energies of the TiO2 CB. Rrec and Rt are exponentially dependent on carrier density  

(i.e. the distance to CB), then, to correctly evaluate this parameters a new potential is 

defined where, the measurements are at the same equivalent value of position to the CB of 

each device, using the equation [13,54]. 

𝑉௘௖௕ = 𝑉ி − Δ𝑉௜     (4), 
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Where ecb means equivalent conduction band and Δ𝑉௜  is the voltage shift observed 

between the Au decorated samples and the CdS sensitized film in Figure 7 a. After the 

voltage correction Cµ overlaps as shown in the inset of Figure 7 omparing Rrec and Cµ for 

the cells, it is viable to understand the origin in the Voc variation. [10,16,31-33,50]. Higher 

Voc observed in Au decorated cells could be due to three processes: (1) An increase in the 

absorption. (2) A shift in the TiO2 CB, and/ or (3) a change in the recombination rate. An 

increase in the photo absorption will result in an increase in Jsc and Voc. As previously 

discussed the photoabsorption in these samples is reduced. Then, hypothesis 1 can be 

discarded  

 The second effect, a shift in the TiO2 CB, produces a movement of the TiO2 electron 

quasi-Fermi level, which determines the Voc, then an upward of the TiO2 CB will mean an 

increase in the Voc. This upward displacement of the conduction band is identified, by a 

shift to higher potentials of Cµ (i.e. a reduction of the capacitance). When Au are deposited, 

a general increase in Cµ is observed (see Figure 7 a) which means a downshift in the 

conduction band and the Voc. It is observed that for short depositions times (0.5 min) a 

downshift of about 85 mV is obtained (green circles), when the deposition time is increased 

to 2.5 min the band shift increases to approximately 175 mV (blue triangles). Finally, for 

higher deposition times, a reduction in the shift is obtained (135 mV at 7.5 min). These 

results as the obtained for Jsc contravene the observed Voc behavior of such samples, 

indicating that the photocurrent is not the dominant process in the Voc variations.  

 The third effect, the recombination rate, can be also determined with EIS by analyzing 

the Rrec. Where an increase in this parameter indicates a reduction in the electron 

recombination processes from the TiO2 CB to acceptor states either in the electrolyte or the 

sensitizer[34,54]. Comparing TiO2/Au/CdS and TiO2/CdS samples in Figure 7b, it is 
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observed that with 0.5 min of deposit Rrec increases (green circles), indicating an increase 

of the Voc. When the deposition time is increased to 2.5 min a higher increase in Rrec is 

obtained (blue triangles). If the deposition time still increasing (7.5 min) Rrec have a small 

reduction, resulting in a resistance a little lower than the obtained for the samples with 0.5 

min of deposit. Analyzing these same results in the Vecb convention, it is observed that with 

the first 30 seconds of Au NPs deposit the increase in Rrec is stronger than the observed in 

the Vf convention, and when the deposition time is increased to 2.5 min still increasing, 

while for 7.5 min of Au NPs deposit Rrec drops until reach the resistance obtained for 0.5 

min of deposit. These results imply that the observed increases in Rrec in the Vf convention 

are the result of strong reductions in the recombination processes (possibly due to a 

passivation of the TiO2 superficial defects) that are slightly masked by the TiO2’s CB 

displacement. 

Then, when Au NPs are deposited, two simultaneous processes affect the Voc. On one 

side the TiO2 CB is downshifted reducing the Voc, but at the same time Recombination 

processes are considerably reduced upshifting the Fermi level and the Voc. At the end the 

reduction of recombination processes overcome the effect of the CB shift increasing the 

photovoltage. 

Another important parameter that is positively affected by the Au deposit is the FF. 

Variations in this parameter can be due to changes in the Transport resistance (Rt), where a 

reduction in Rt results in a FF increment [2,4,6,8-10,31,37-41,50]. The Rt behavior in the 

samples (Figure 7 c) indicate that for 30 seconds of Au NPs deposit (green circles) slightly 

reduces Rt, with the increase in the deposition time Rt increases until the 7.5 minutes 

deposit, when Rt reaches the same level than samples without Au NPs deposit indicating an 

increase in the electron transport (and the FF) with the first 30s of Au NPs deposit and an 
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slow reduction of these parameter with higher deposition times, which match with the 

behavior observed in table 1. Analyzing these curves in the Vecb convention (inset of Figure 

7 c) it could be appreciated than the Au deposit increases the resistance to the electron flux, 

this suggest that Au NPs pore filling is hindering the movement of the electrolyte ions 

affecting the electron motion in the TiO2. However, the CB shift produces an effective 

increase in the electron flux that overcompensates the Au NPs pore filling effect resulting 

in the increase of the FF. 

 

4. Discussion 

In summary, when a photon of visible light (O = 370-570 nm) insides on the CdS QDs of 

TiO2/CdS samples, an electron hole pair is generated (see Figure 8 a), the electron is 

injected from the CdS QD’s CB to the TiO2’s CB driven by the energy difference between 

the bands 'F, then it will be transported by the TiO2 and in an ideal case to the FTO and the 

electrical circuit. However, some electrons interact whit trap levels in the QD/TiO2, giving 

a recombination process (red arrow in Figure 8 a ) reducing the performance of the cell.  In 

the other side, holes are taken by the electrolyte via the oxidation of the 𝑆௫ିଵ
ଶି  ions, as 

shown in the Figure 8a. After that, the resulting  𝑆௫
ଶି ions moved by diffusion to the counter 

electrode where they are reduced to 𝑆௫ିଵ
ଶି  ions and the circuit is closed. As previously 

discussed, in these conditions Jsc is principally determined by the photogeneration process 

(the amount of photons that inside in the QDs and the efficiency to convert such photons in 

electron hole pairs), and the injection process (driven by 'F). Meanwhile, the Voc is due to 

the energy difference between the Fermi level of the TiO2 (EF) and the redox level. Finally, 

the FF will be determined by the ratio of the transport and recombination processes. 
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When Au NPs are deposited various simultaneous processes occurred (Figure 8 b). (1) 

Au NPs act as an optical filter, reducing the amount of light that reaches the CdS QDs, 

which will result in a reduction of Jsc. (2) The TiO2 CB is downshifted by the energy levels 

equilibration process. This band movement will affect at the same time three parameters, Jsc 

is slightly increased by the increase in the potential energy between the sensitizer and the 

TiO2 (∆F), Voc is reduced by the downshift of EF, and the FF is considerable increased by a 

reduction in the transport resistance. (3) The recombination processes are considerably 

reduced, resulting in higher amount of electrons in the TiO2’s CB; this upshifts EF and 

increments Voc. Then, when these three processes are combined in the right proportion what 

is obtained is a reduction in Jsc, an increase in Voc and an increase in FF that together give 

an increase in the photoconversion efficiency from 2.6 to 2.9%.  

 

5. Conclusions 

 

The photovoltaic properties of CdS QD-sensitized TiO2 NC films decorated by 

electrophoresis with Au NPs at different deposition times have been systematically studied 

and analyzed. It was demonstrated that Au NPs could improve the photoconversion 

efficiency of TiO2/CdS QDs films when applied very short deposition times (30 seconds), 

by increasing Voc and FF sacrificing Jsc. IPCE measurements show that the presence of Au 

NPs reduces the capacity of the CdS QDs to absorb light, and impedance spectroscopy 

analyses indicates that Au NPs at the same time moves down the TiO2’s CB and reduces 

the recombination processes. The band movement helps to reduce the photocurrent losses 
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due to the absorption issue, and the reduction in the recombination processes give the 

observed increase in Voc (from 575 to 611 mV) and FF (from 46 to 50 %), that result in the 

final increase in K from 2.6 to 2.9 % . 
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Table 1: Characteristic Short circuit current, open circuit voltage, Fill Factor and 

photoconversion efficiencies of Au decorated TiO2/CdS films under one sun illumination. 

 

 

 

 

 

 

 

  

Sample Jsc          
mA/cm2 

Voc             
mV 

FF          
 % 

η 

% 

TiO2/CdS(7)/ZnS 9.85 -575 46.52 2.63 

     

TiO2/Au(0.5)/CdS(7) /ZnS 9.48 -612 51.04 2.96 

TiO2/Au(2.5)/CdS(7) /ZnS 9.53 -618 50.06 2.95 

TiO2/Au(7.5)/CdS(7) /ZnS 9.44 -570 50.37 2.71 
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Figure 1: TEM image of Au nanostructured particle used to decorate the TiO2 films. 

 

 

Figure 2: Representative SEM micrographs of the transparent layer of a) TiO2 films, b) 

TiO2 decorated with Au NPs, c) CdS sensitized TiO2 by SILAR, d) TiO2 decorated with Au 

NPs and sensitized with CdS QDs and e) EDS spectrum of the TiO2/Au/CdS films showing 

the principal peaks of Au, Cd and S. 

 

 

Figure 3: Representative absorption spectra of TiO2 films decorated with Au NPs and 

sensitized with CdS QDs. Showing the spectra of colloidal Au NPs. 

 

 

Figure 4: Representative J-V curves of TiO2/Au /CdS solar cells at several Au deposition 

times. Inset showing champion cells of TiO2/Au /CdS and TiO2/CdS/Au configuration. 

 

 

Figure 5: Representative IPCE curves of CdS QDs sensitized solar cells decorated by 

electrophoretic deposition with Au NPs 

 

Figure 6: Schematic representation of the equivalent circuit used to fit the impedance 

measurements, showing the principal components of the film region where the 

correspondent physical process occurs: the series resistance, Rs; the transport resistance, Rt; 
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the recombination resistance, Rrec; the chemical capacitance Cµ; The charge transfer an 

capacitance at the counter electrode Rcon and Ccon. 

 

 

Figure 7: Impedance spectroscopy characterization of the TiO2/Au/CdS(S)/ZnS(S) cells at 

0.5, 2.5 and 7.5 min of Au NPs deposit, showing: a) Chemical capacitance, Cμ in the Vf 

representation and Vecb representation in the inset. b) Recombination resistance, Rrec, also 

in both representations. c) Transport resistance Rt as function of Final votage Vf and inset 

Rt as a function of voltage equivalent conduction band Vecb. 

 

 
Figure 8: Schematic representation of the energy levels distribution for: a) TiO2/CdS cells 

and b) TiO2/Au/CdS cells, showing the electron and hole flux (blue and red circles 

respectively), the energy difference between the TiO2’s CB and the CdS QD’s CB, ∆F, the 

TiO2’s quasi-Fermi level EF and the open circuit voltage Voc. 
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Table 1: Characteristic Short circuit current, open circuit voltage, Fill Factor and 

photoconversion efficiencies of Au decorated TiO2/CdS films under one sun illumination. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: TEM image of Au nanostructured particle used to decorate the TiO2 films. 
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TiO2/Au(0.5)/CdS(7) /ZnS 9.48 -612 51.04 2.96 

TiO2/Au(2.5)/CdS(7) /ZnS 9.53 -618 50.06 2.95 

TiO2/Au(7.5)/CdS(7) /ZnS 9.44 -570 50.37 2.71 

Figure 1



Figure 2



! 32!

 

Figure 3: Representative absorption spectra of TiO2 films decorated with Au NPs and 

sensitized with CdS QDs. Showing the spectra of colloidal Au NPs. 
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Figure 4: Representative J-V curves of CdS QDs sensitized solar cells decorated by 

electrophoretic deposition with Au NPs.  

 

 

Figure 5: Representative IPCE curves of CdS QDs sensitized solar cells decorated by 

electrophoretic deposition with Au NPs 
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Figure 7: Impedance spectroscopy characterization of the TiO2/Au/CdS(S)/ZnS(S) cells at 

0.5, 2.5 and 7.5 min of Au NPs deposit, showing: a) Chemical capacitance, Cµ in the Vf 

representation and Vecb representation in the inset. b) Recombination resistance, Rrec, also 

in both representations. c) Transport resistance Rt as function of Final votage Vf and inset 

Rt as a function of voltage equivalent conduction band Vecb. 
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Figure 8: Schematic representation of the energy levels distribution for: a) TiO2/CdS cells 

and b) TiO2/Au/CdS cells, showing the electron and hole flux (blue and red circles 

respectively), the energy difference between the TiO2’s CB and the CdS QD’s CB, ∆χ, the 

TiO2’s quasi-Fermi level EF and the open circuit voltage Voc. 
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