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Overall, CdSe:Ag+ quantum dots were prepared by the successive ionic layer absorption and reaction method using two solutions:
mixing molar concentrations of 0.003mM AgNO3 and a Cd(CH3COO)2·2H2O anion to make solution 1 and 2.27 g Se powder and
0.6M Na2SO3 were dissolved in 100ml deionized water, solution 2. The FTO was coated with TiO2 nanoparticles and then was
dipped in both solutions, which created a FTO/TiO2/CdSe:Ag

+ photoanode with a thickness of 1 layer to 4 layers. The layers of
the CdSe:Ag+ film show an effect on the morphology, crystalline structure, optical properties, and photovoltaic through optical
and photovoltaic measurements. Finally, the performance of the device based on a FTO/TiO2/CdSe:Ag

+ photoanode with the
different thickness increased significantly to exactly 3.96%. Moreover, in the pattern of an explanation of the optical and
photovoltaic properties of materials, we use Tauc’s theory to determine the band gap, the conduction band, and the valence band.

1. Introduction

Quantum dot-sensitized solar cells (QDSSCs) are promi-
nently becoming as a dye sensitized for the 3rd generation
solar cells due to low cost fabrication technology, high photo-
stability, the controlled sizes [1], higher absorption coeffi-
cient [2], and the multiple exciton generation [3]. However,
the QDSSCs have reached approximately 13% performance,
which is lower than the theory limits [4]. Recently, plenty
of quantum dots (QDs) like CdS, CdSe, CdTe [5], and PbS
[6] have been widely applied in the QDSSCs because of their
unique properties [7]. It is noticeable that the CdS and CdSe
QDs have attracted considerable interest due to their optical
property stability [8], a higher conduction band (CB) than
that of TiO2 [9], low resistivity [10], and wide absorbed
spectrum [11]. However, this result was still low compared
with that of the dye-sensitized solar cells (DSSCs). The struc-
ture tandem as CdS/CdSe cosensitized was widely investi-
gated due to their wide absorption spectrum, the shift of
the absorption peak toward the visible region, and improve-
ment of the CB of a cosensitized system compared to that of

TiO2 nanoparticles. The performance of this device based
on a cosensitized system was approximately 4% [9], but
it was still low compared to that of DSSCs, mostly due to
the trapped and recombined TiO2/QDs/electrolyte tripple
interfaces [12].

In recent times, metal ions doped into the QDs can be
replaced by single QDs and a cosensitized system to reduce
achievable recombination [13–23] because it can be improved
by charge collection and transfer process. In addition, metal
ions are famous for its lowest resistance and large mobility.
For example, Nguyen and colleagues achieved a performance
of 4.22% as Cu2+ ion doped into CdSe QDs due to its good
optical and magnetic properties as compared with each other
[13]. The improved properties can be archived by doping
metal in QDs like Ref [14, 15], [19–23] that can boost absorp-
tion of photons and the current density of devices.

In this work, Ag+ ions were doped on CdSe QDs to
study the properties of devices when the thickness of the
CdSe:Ag+ layers change while the molar concentration of
Ag+ ions doped on CdSe nanoparticles was optimized at
3% for the champion device. Moreover, resistance dynamic
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was determined from an experiment J-V curve compared
with that of electrochemical impedance spectra.

2. Experiment

2.1. Materials. Na2SO3, NaOH, Cd(CH3COO)2·2H2O,
Zn(NO3)2, Na2S·9H2O, methanol, Se powder, TiCl4, and

AgNO3 were bought from Merck, and the fluorine-doped
tin oxide was bought from Dyesol.

2.2. Preparation. TiO2 paste was purchased from Dyesol in
Australia with 20 nm sized average. The fluorine-doped tin
oxide (FTO) was coated with TiO2 layers by doctor blade
and then heated to 400°C for 5 minutes, 450°C for 5 minutes,
490°C for 5 minutes, and 500°C for 30 minutes [24]. It was
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Figure 1: (a) FESEM image, (b) Cross-section, (c) TEM, (d) EDX spectrum, and (e) XRD pattern of TiO2/CdSe:Ag
+(3%)/ZnS and (f) the

Raman spectrum of photoanode with the different thickness.
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then immersed in 40mM TiCl4 for 30 minutes at 70°C.
Finally, the postheating treatment of TiO2 film was carried
out at 500°C for 30 minutes.

The TiO2/CdSe:Ag
+
film: the TiO2 film was dipped into a

Cd2+ solution (molar concentrations of 0.001mM, 0.002mM,
0.003mM, 0.004mM, and 0.005mM of AgNO3 were mixed)
and 0.5M Cd2+ solution (13.3 g Cd(CH3COO)2·2H2O was
dissolved in 100ml ethanol) for 5 minutes, rinsed 3 times with
ethanol, and dried in the air. It was then dipped into Se2+ ions
(2.27 g Se powder, 0.6M Na2SO3 were dissolved in 100ml
deionized water and added 5ml NaOH 1M). Finally, we
got 0.3M Se2+ solution at 50°C for 5 minutes, rinsed 3 times
with deionized water for 1 minute, which was noticed one
cycle. This process was repeated a total of 3 times SILAR.

The coated ZnS passivation: the TiO2/CdSe:Ag
+
film was

dipped in a mix of 0.2M Zn(NO3)2 with deionized water for
1min and rinsed with deionized water to remove ligands.
Nextly, it was dipped in a solution of 0.2 Na2S·9H2O and
methanol for 1 minute and rinsed with methanol to get a 1
cycle of SILAR. This process was repeated a total of 3 times
SILAR. The detailed preparation process of electrolyte and
counter electrode is listed in Ref [13].

2.3. Characterization. The scanning electron microscopy
(SEM) with a JEOL 7500F high-resolution scanning electron
microscope was used to determine the morphology of the
films. Their characteristic and structure were confirmed
using an X-ray diffractometer (Philips, PANalytical X’Pert,
CuKα radiation), and optical properties are recorded by
using a JASCO V-670. The J-V curves were measured (2400
Series SourceMeter, Keithley Instruments) under simulated
AM 1.5G sunlight at 100mW·cm−2. The active area of the
solar cell measured under AM 1.5G is 0.192 cm2. The J-V
scans were measured forward bias at a scan rate of
5mV·s−1. The electrochemical impedance spectroscopy
(EIS) Series G 750 was measured under dark conditions at

a forward bias of 0.75V within the frequency range of
100 kHz to 0.1Hz.

3. Results and Discussion

In order to determine the morphology of the films, we used
the FE-SEM images and cross-sectional of the previous
paper. The result shows that the porous TiO2 nanoparticles
look like a sphere and the size average of 62.5 nm and thick-
ness of the TiO2/CdSe:Ag

+ were about 13μm (Figure 1(b))
[24]. This result is also confirmed by TEM (shown in
Figure 1(c)). The CdSe:Ag+ nanoparticles in the film were
not observed in the FE-SEM, but they can be clearly seen
from TEM image. The average size of CdSe:Ag+ nanoparti-
cles was determined from Figure 1(c) approximately several
nanomet. Moreover, the EDX spectrum of the photoelec-
trode was recorded in Figure 1(d). It is immediately obvious
that the peak at 3 keV can be assigned to the characteristic of
Ag+ ions. The result shows that Ag+ ions would be doped in
CdSe QDs and effected on the photovoltaic. The typical
XRD pattern of the photoelectrode was obtained in a vac-
uum environment at 200°C with the molar atomic of Ag+

ion and CdSe QDs (3%) (shown in Figure 1(e)). The XRD
pattern was recorded many diffraction peaks in a 2θ range
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Figure 2: (a) UV-Vis spectra and (b) (αhν)2 vs. (hν) curves of TiO2/CdSe:Ag
+ with thickness from 1 layer to 4 layers.

Table 1: The parameters of CdSe:Ag+ films are determined using
Tauc plots and UV-Vis spectra.

Samples Eg (eV) X (eV) CB (eV) VB (eV)

CdSe 2.16 5.102 -4.065 -6.225

CdSe:Ag+ (1 layer) 2.0 5.102 -3.766 -5.766

CdSe:Ag+ (2 layers) 1.96 5.102 -3.786 -5.746

CdSe:Ag+ (3 layers) 1.96 5.102 -3.786 -5.746

CdSe:Ag+ (4 layers) 1.95 5.102 -3.791 -5.741
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from the 20° to 70°, which exhibits the structure of materials.
By comparing the observed XRD patterns for the prepared
film, Figure 1(e) shows the characteristic peaks of CdSe
QDs, which correspond to the standard JCPDS card No.
88-2346 for the zinc blende structure and standard JCPDS
card No. 05-0566 for the cubic phase of ZnS passivation.
This result is consistent with that observed in the zinc blende
phase [25, 26]. Figure 1(f) for the Raman spectrum of the
completed QDSSCs with thickness between 1 layer and 4
layers always gives information about the TiO2 anatase
modes at 207.7 cm-1, 416 cm-1, and 622 cm-1 positions [27]
and the TiO2/CdSe:Ag

+ cubic at 207.7 cm-1, 270 cm-1,
416 cm-1, and 622 cm-1 positions. All peaks shifted toward
the high frequency because of the strengthening CdSe:Ag+-
TiO2 associate as in those of CdSe-TiO2 associate.

To research the effect of thickness on optical properties of
TiO2/CdSe:Ag

+
films, we use the UV-Vis spectra. We can see

the differences from Figure 2(a) such as: while the thickness
varied from 1 layer to 4 layers, the diagram describes an
increase absorption intensity and shift of the absorption peak
toward long wave because of Ag+ trapping dopant inside the
band gap of CdSe QDs [28–31]. Figure 2(b) shows the Tauc
plots of CdSe:Ag+ layers, and its parameters are shown in
Table 1. The Eg of CdSe:Ag+ nanoparticles decreased from
2.0 eV for 1-layer photoelectrode to 1.95 eV for 4-layer
photoelectrode. This result shows that there was a strong
influence of the thickness on the Eg of CdSe:Ag

+
film [32].

In order to study the photovoltaic characteristic, we con-
ducted a set of the QDSSCs with different thickness (an active
area of 0.38 cm2) from 1 layer to 4 layers, and their parame-
ters are listed in Table 2. When doping, open circuit param-
eters, short circuit currents, and efficiency are increased
because the CB level of CdSe:Ag+ layers raised higher than
that of TiO2 nanoparticles (listed in Table 1 and see in
Figure 3) [24]. In the same optical properties, while 1.22%
of performance for CdSe:Ag+ 1 layer was recorded, the per-
formance of devices for CdSe:Ag+ 2 layers was sharply raised,
at 3.96%. On the other hand, the performance of QDSSCs
for CdSe:Ag+ 2 layers and CdSe:Ag+ 4 layers, which was
recorded at 3.96% and 2.11%, respectively. It is obvious that
the concentration impurities affect the properties of CdSe
nanoparticles. Briefly, the highest performance was approxi-
mately 3.96%, corresponding to 3% of Ag+ concentrations
and 2 layers of CdSe:Ag+ film. Figure 4 shows data on the
CB and the VB of TiO2 semiconductor and CdSe:Ag+ nano-
particles; some parameters are referenced from Ref [33, 34].
Generally, the charges are not easy to transfer from the CB
of QDs to TiO2 oxide because -4.5 eV of the CB level for CdSe
bulk was slightly lower than -4.3 eV of the CB level for TiO2

semiconductor bulk [22]. Therefore, in this work, Ag+ ion
was doped on CdSe nanoparticles to improve the conduc-
tion band and the absorption spectra. The graph gives infor-
mation about the conduction band, bandgap, and valence
band of CdSe:Ag+ nanoparticles, which was calculated from
Tauc’s theory. -4.102 eV of the CB level for CdSe nanoparti-
cles 1 layer and -3.786 eV of the CB level for CdSe nanopar-
ticles 4 layers raised higher than those of the CB of TiO2
nanoparticles (Figure 3). Finally, the charges can be easily
removed from QDs to TiO2. That is why the conversion effi-
ciency and current density for device champion is high, at
3.96% and at 15.36mA, respectively.

The EIS curves were used to determine the resistance
dynamic in the QDSSCs (shown in Figure 5(b)) with differ-
ent layers; the parameter values are shown in Table 2. Gener-
ally, there are two semicircles in the EIS curve, one small
semicircle at high frequency of the resistance through poly-
electrolyte/Cu2S surface (Rct1) and one large semicircle at
low frequency of the diffuse resistance through TiO2 film
and TiO2/CdSe:Ag

+ surface (Rct2) [35]. In the recorded EIS
curve, the fit process used Nova software to determine the
parameters as the resistances (Rct1 and Rct2), the capacitance
(Cμ), and the lifetime (τn). The formulas of the lifetime and
the capacitance are determined by τn = 1/ð2πfminÞ, and
Cμ = τn/Rct2 (shown in Table 2). Overall, Table 2 shows data

Table 2: The values of J-V curves and EIS with thickness from 1 layer to 4 layers.

QDSSCs JSC (mA/cm2) FF VOC (V) η (%) RS (Ω) Rct1 (Ω) Rct2 (Ω) τn (ms) Cμ (μF)

CdSe:Ag+ (1 layer) 7.46 0.44 0.38 1.22 21.29 30.77 18.92 2.38 12.25

CdSe:Ag+ (2 layers) 15.36 0.41 0.50 3.96 21.3 46.54 26.94 6.86 72.66

CdSe:Ag+ (3 layers) 12.22 0.42 0.44 2.83 24.34 193.1 81.46 5.19 86.72

CdSe:Ag+ (4 layers) 9.89 0.46 0.47 2.11 19.44 293.5 82.6 5.51 39.70
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Figure 3: Photocurrent density-voltage (J-V) curves of QDSSCs
with different thickness from 1 layer to 4 layers.
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on the proportion of the device based on TiO2/CdSe:Ag
+

photoelectrodes with the thickness of 1 layer to 4 layers,
which affects the dynamic parameters of the photovoltaic
properties. While the capacitance and lifetime of the excited
charge was higher, the 293.5 Ω of Rct1 for CdSe:Ag

+ 4-layer
photoelectrode and 82.6Ω of Rct2 for CdSe:Ag+ 4-layer
photoelectrode were always higher than those of Rct1 and
Rct2 for CdSe:Ag+ 1-layer photoelectrode, at 30.77Ω and
18.92Ω, respectively [34]. Briefly, the improvement of energy
band structure of CdSe nanoparticles as raising the conduc-
tion band reduces recombination and trapping surfaces,
shifting the absorption spectra toward longwave due to the
Ag+ dopant, which appeared inside the band gap of CdSe
nanoparticles. This result is also consistent with the results
of Ref [33, 34, 36–38].

4. Conclusions

In conclusion, the device based on TiO2/CdSe:Ag
+ photo-

anode with cycles changing from 1 to 4 was successfully
prepared using the SILAR method with the obtaining
highest efficiency of 3.96%. This result was also confirmed
by the corporation of Ag+ ion in photoelectrode, the chan-
ged sizes of QDs. The increase of the CB of the CdSe:Ag+

QDs was caused by improvement of the performance. We
also optimized the optical (Eg and lifetime τ), photovol-
taic, and electrochemical properties through the optimized
thickness of CdSe:Ag+ films, thereby raising the efficiency
of 3.96%. In order to compare with each other, we deter-
mined the values of dynamic resistances by EIS (Rs, Rct1,
Rct2, and Cμ).
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Supplementary Materials

Supplemental Figure 1: (a) FESEM image, (b) Cross-section,
and (c) XRD pattern of TiO2/CdSe:Ag+(3%)/ZnS and (d) the
Raman spectrum of QDSSCs with the different thickness.
The morphology of preparing as-photoelectrodes with 3%
doping concentration could be obtained from FE-SEM. In
addition, the compositions and structure of films could be
investigated from EDX and Raman spectra. In general, this
is the main data sets, which provided all information about
the morphology, sizes, thickness of a sandwich layer, and
structure of preparing as-photoelectrodes. Supplemental Fig-
ure 2: (a) UV-Vis spectra and (b) (αhν)2 vs. (hν) curves of
TiO2/CdSe:Ag+ with thickness from 1 layer to 4 layers. This
is the supplementary material, which supports for us to
determine the band gap of sample as getting the peak of
UV-Vis spectra, in particular, calculate the conduction band
and valence band of material. Supplemental Figure 3: photo-
current density-voltage (J-V) curves of QDSSCs with differ-
ent thickness from 1 layer to 4 layers. The performance of
the quantum dot-sensitized solar cells could be obtained
from the photocurrent density-voltage curves. This results
support for the discussion from the electrochemical imped-
ance spectra. Supplemental Figure 5: Nyquist plots of
QDSSCs with the different layers. The data set obtained from
the electrochemical impedance spectra such as Nyquist
curves and Bode phase. They used to determine resistance
dynamic, lifetime, and capacitances of the photoelectrodes
to correlate with the shift of excited electrons from quan-
tum dots to TiO2 nanoparticles, the diffusion of electrons.
(Supplementary Materials)
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