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Abstract
In this research, quantum dot-sensitized solar cells (QDSCs) with multilayer photoelectrodes, i.e., the  TiO2 nanocrystals/
CdSeTe/CdS/CdSe/ZnS, were fabricated and investigated. The CdSeTe nanocrystals (NCs) were easily synthesized in aque-
ous solution and deposited on nanocrystalline  TiO2 scaffold through drop-casting method. The other sensitizing/passivizing 
films were also prepared by successive ionic layer adsorption and reaction (SILAR) and chemical bath deposition (CBD) 
methods. It was shown that QDSC with  TiO2 nanocrystals/CdSeTe/CdS/ZnS photoanode demonstrated an energy conversion 
efficiency of 2.95%. This efficiency was enhanced about 30% through the addition and optimization of a CdSe QDs film in 
the photoelectrode. The CdSe-sensitizing film was effectively deposited in just 9 min and ZnS was applied as the normal 
passivating film. In the next stage,  TiO2 hollow spheres (HSs) were prepared with desired dimension via a template scarify-
ing approach to enhance the light travelling path inside the photoelectrode and increase the light harvesting efficiency. The 
mentioned point resulted in 12% enhancement compared to the HSs-free QDSC. The last improvement was finally performed 
by optimization of the ZnS passivating layer and showed a 30% improvement in PCE of the final QDSC in comparison with 
HSs-free CdSeTe/CdS/CdSe-sensitized solar cell. The pioneer cell was compared with the CdSe and HSs-free reference cell 
which demonstrated a considerable 68% enhancement in photovoltaic performance.
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1 Introduction

Quantum dot-sensitized solar cells (QDSCs) have been 
under extensive researches in two recent decades [1–4]. 
These photovoltaic devices are one of the most promising 
kinds of solar cells as they are using the novel advantages of 
semiconductor quantum dots (QDs) [5–9]. The size tunable 
bandgap energy [10, 11], multiple exciton generation [12, 
13], high absorption coefficient [14] and absorbance in wide 
ranges of wavelengths [15] are the most important charac-
teristics of the sensitizing NCs [15–17] In the photoanode 

of QDSCs, the wide bandgap mesoporous scaffold creates a 
large surface area for deposition of different layers of light 
absorbing QDs [17] These layers could efficiently absorb the 
different regions of the incident solar spectrum [18]. Some 
passivating layers are also over-deposited on the photo elec-
trode to reduce the inappropriate charge carrier's recombina-
tion [19, 20].

Several researches have been carried out on different 
components of QDSCs to improve the photovoltaic (PV) 
performance. The utilization of various nanostructured scaf-
folds [6, 21–25] co-sensitization with several layers of dif-
ferent semiconductor quantum dots [18, 26–29] application 
of effective recombination passivizing layers [18, 19, 30] 
different liquid ionic or gel/solid electrolytes and various 
compositions/structures of counter electrodes have been 
studied and investigated [31–36].

Co-sensitization is one of the main ideas for enhancement 
of power conversion efficiency (PCE) of QDSCs [37, 38]. 
Different photoanode structures such as  TiO2 mesoporous 
layer/CdS/ZnS [39],  TiO2 mesoporous layer/CdS/CdSe/ZnS 
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[40],  TiO2 mesoporous layer/PbS/CdS/CdSe/ZnS [41] and 
 TiO2 mesoporous layer/CdSeTe/ZnS [42] have been fabri-
cated and investigated. The CdS, CdSe and CdSeTe NCs 
films could efficiently absorb specific parts of solar spectrum 
[43, 44]. That is while the photo generated charge carries in 
different layers can be well-transferred in the cell without 
potential barriers and in right directions [45, 46] The cor-
responding PCEs for the above mentioned photoanodes are 
in the range of 0.5–2.3% [39, 40], 2.5–7% [40, 47], 3–3.5% 
[41] and 4–5% [42], respectively.

CdSeTe NCs have been synthesized through high tem-
perature expensive organometallic approach and individually 
applied in QDSCs [48–51]. The corresponding efficiencies 
were quite high due to the wide range of light absorption 
even in NIR region [52–56]. Meanwhile, the aqueous syn-
thesis of alloyed CdSeTe NCs is still attractive owing to the 
simple synthesizing method and cheaper nontoxic materials 
[52, 57–59]. A few works have been done in this area espe-
cially with multi-layer photoelectrodes to check the effect of 
co-sensitization. The reported efficiencies for the CdSeS and 
CdSeTe photoanode structures where in the range of 3–6.3% 
[47, 60] and 4–7.5% [42, 56, 61].

In this work a novel multi-layer photoanode of QDSCs 
with  TiO2 NCs/HSs/CdSeTe/CdS/CdSe/ZnS structure was 
fabricated and studied. CdSeTe-alloyed NCs were ex-synthe-
sized in aqueous solution through a facile chemical precipi-
tation/refluxing method. Then, they were drop-casted and 
another CdS nanocrystalline film was over deposited through 
a successive ionic layer adsorption and reaction (SILAR) 
approach. The third CdSe-sensitizing film was also formed 
on the underlying layers by a fast effective chemical bath 
deposition (CBD) method. Finally a ZnS passivating layer 
was deposited and QDSCs were completed using polysulfide 
electrolyte and CuS counter electrode. The CBD time was 
altered for optimization of CdSe-sensitizing film and effi-
ciency was considerably increased compared to the CdSe-
free similar QDSC. The  TiO2 hallow spheres (HSs) were 
finally applied to make a double layer mesoporous scaffold 
with higher level of light scattering/absorption. The utiliza-
tion of  TiO2 HSs layer and optimization of passivating film 
were carried out and demonstrated a 68% increase in PCE 
compared to that of the CdS and HSs-free QDSC.

2  Experimental

2.1  Synthesis of  TiO2 nanoparticles

TiO2 nanoparticles were synthesized through a hydrothermal 
method as follows in the first step, 0.014 ml of acetic acid 
and the same mole of titanium tetraisoproxide (TTIP) were 
mixed and stirred for about 15 min. Then, 19.6 ml of DI 
water was added to this solution for the hydrolysis process 

and stirred for more than 1 h [6, 40]. The solution was quite 
white and there was precipitations demonstrating the exist-
ence of  TiO2 agglomerates which should be re-dispersed. 
This was carried out by injection of 0.26 ml of  HNO3 and 
refluxing the solution at 80 °C for 75 min. The final pale 
blue  TiO2 sol was transferred to a teflon-lined stainless-
steel autoclave and heated at 230 °Ϲ for 12 h to fulfill the 
hydrothermal growth. Afterward, the  TiO2 precipitate was 
centrifuged and washed with ethanol for several times to 
remove the extra water for the  TiO2 paste preparation, spe-
cific amounts of ethyl cellulose as the viscosity modifying 
agent and terpineol  (C10H18O) were dissolved in absolute 
ethanol. Then, they were added to the sol of  TiO2 nanopar-
ticles in ethanol. Ultrasonic process was carried out with 
an ultrasonic probe (400 w) for three 20 min steps and the 
solution was stirred for one night. Finally, a viscous  TiO2 
paste was obtained through the vacuum evaporation of etha-
nol solvent which was composed of 18 wt%  TiO2  NCS, 73 
wt% terpineol and 9 wt% of ethyl cellulose. Doctor blading 
method was applied for deposition the fresh  TiO2 paste on 
the glass–FTO substrates with a sheet with 15 Ω/cm2. The 
prepared layers were annealed in 4 successive steps, i.e., at 
325, 375, 450 and 500 °Ϲ for 50, 5, 15, and 15 min. This was 
carried out for the polymer elimination and obtaining better 
crystalline quality and sintering of the  TiO2 nanocrystals 
in mesoporous layer. The final thickness of  TiO2 layer was 
set to be around 10 µm and named as  H12 as two layers of 
scotch tape was used as the spacer and layer was deposited 
in one time of doctor blading. If one layer of spacer tape was 
utilized, the thickness of  TiO2 film was around 5 µm and the 
layer was specified as H1.

2.2  Preparation of  TiO2 hollow spheres

TiO2 hollow spheres were also synthesized by another 
hydrothermal process as was mentioned in our previous 
articles [40, 62]. For this goal, 25 ml of 1 M aqueous solu-
tion of glucose was prepared and transferred to a teflon-lined 
stainless-steel autoclave and heated at 180 °C for 12 h. Then, 
the final solution was centrifuged and washed with etha-
nol and deionized water for several times. In the last step, 
the carbon precipitate was dried at 70 °C for 5 h to form a 
fine structured dried powder. For the  TiO2 shells formation 
on the surface of carbon spheres, 0.4 g of carbon spheres 
powder was dissolved in 40 ml of ethanol solution and soni-
cated for 40 min. Then, 0.004 mol (0.12 ml) of TTIP was 
added to the previous solution and stirred at room tempera-
ture for 24 h for completion of the liquid phase deposition 
(LPD) process. The resulting solution was centrifuged and 
washed with ethanol and DI water for several times. Then, 
the core–shell carbon spheres/TiO2 precipitate was annealed 
at 40 °C for 12 h to be dried. Subsequently, the carbon cores 
were eliminated through a calcination at 450 °C for 2 h and 
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 TiO2 hollow spheres were remained. The paste preparation 
process with  TiO2 HSs was composed of the same stages 
as the  TiO2 NCs [6]. Briefly, 0.24 g of  TiO2 HSs, 0.13 g of 
ethyl cellulose, 6.5 g of terpineol were dissolved in 40 ml 
ethanol and stirred for several hours to form a totally dis-
persed homogenic solution. Then, it was vacuum evaporated 
to make a paste composed of 18 wt%  TiO2 NC, 73 wt% ter-
pineol and 9 wt% ethyl cellulose.  TiO2 HSs were deposited 
on the surface of FTO/H1 substrates with H1  TiO2 nanocrys-
talline layer with a thickness around 5 µm. The final H1/
HSs bilayer scaffold was applied in the photoelectrode of 
the fabricated QDSCs after an annealing process the same 
as what was carried out for the nanocrystalline  TiO2 film.

2.3  Preparation of the CdSeTe quantum dots

A modified chemical precipitation method was applied for 
the synthesis of CdSeTe NCs in aqueous solution. Briefly, 
for the synthesis of NaHTe Te precursor solution, 10 ml of 
DI water and 1.25 mmol of sodium borohydride were trans-
ferred into a three-neck flask and mixed for about 15 min 
under the argon flow. Afterward, 0.5 mmol of tellurium 
powder was added and solution was vigorously stirred for 
2 h. The color of solution was turned from the dark-violet to 
a transparent light-pink during the stirring. In parallel, the 
NaHSe solution was prepared through a similar procedure 
using Se powder and the solution color changed from black 
to colorless after 1 h of stirring. In another aqueous solution, 
0.72 mmol of the thioglycolic acid (TGA) capping mate-
rial and 0.5 mmol of  CdCl2 were dissolved in 100 ml of DI 
water and stirred. The corresponding pH was adjusted on 
11.0 by addition of a few drops of 1 M, NaOH solution. The 
oxygen purging was carried out using Ar flow and solution 
was intensely stirred in a three-neck flask under for 30 min. 
The vessel was heated at 100 °C in an oil bath for 10 min for 
the hot injection. Then, 1 − X ml of the light-pink NaHTe, 
(X = 0.6) and X ml of the colorless NaHSe solutions were 
simultaneously injected to the Cd-TGA complex solution 
and refluxing was done for 7 h.

2.4  Deposition of CdSeTe, CdS and CdSe QDs layers 
and cells fabrication

The  H12  TiO2 mesoporous scaffolds were sensitized with 
alloyed CdSeTe–CdS NCs, CdS and CdSe QDs layers. For 
this purpose, the dispersed CdSeTe NCs in NaOH solu-
tion were deposited on  TiO2 nanocrystalline substrate via 
a drop-casting method. The deposition time was 2 h for the 
appropriate formation of the CdSeTe NCs film. The second 
sensitization was carried out by deposition of the CdS QDs 
layer through the conventional SILAR process. The  TiO2 
NCs/CdSeTe double layers were immersed in a 0.1 M solu-
tion of Cd(CH3COO)2 in methanol for 1 min and rinsed with 

methanol. Then, they were dipped in 0.1 mol solution of 
 Na2S⋅9H2O in methanol and water (50:50, V/V) for another 
1 min and washed again. The SILAR deposition was carried 
out for 4 successive cycles and well surface coverage was 
achieved.

The last sensitizing film was CdSe which was depos-
ited through a chemical bath deposition (CBD) technique. 
Here, an  Na2SeSO3 aqueous solution was first prepared by 
refluxing a 0.158 g of Se, 2.777 g  Na2SO3 and 20 ml deion-
ized water at 80 ◦C for 4 h and filtered. Then, 2.5 ml of 
this solution was added to 22.5 ml of DI water and 0.014 g 
Cd(CH3COO)2⋅2H2O was perfectly dissolved in final solu-
tion. A little amount of the solution was taken and 0.02 g 
Ammonium hydroxide  (NH4OH) was dissolved in it and 
returned to the reaction vessel. The FTO/CdSeTe/CdS pho-
toelectrodes were put in the as prepared solution (chemical 
bath) at 95 °C and CBD time was changed between 0 and 
15 min. The photoanodes were named as  H12/CdSeTe/CdS/
CdSe(X min) and H1/HSs/CdSeTe/CdS/CdSe(X min) in the 
article, where X demonstrates the CBD time. At the final 
stage, the photoelectrodes were coated with ZnS passivat-
ing films. The ZnS layer was deposited via 1–2 cycles of a 
SILAR process using a 0.1 M Zn(CH3COO)2 and 0.1 M 
 Na2S⋅9H2O solutions in water and the dipping times were 
both 2 min.

To assemble the QDSCs, the prepared  H12/CdSeTe/
CdS/CdSe/ZnS, H1/HSs/CdSeTe/CdS/CdSe/ZnS photoan-
odes were sandwiched with a copper sulfide (CuS) counter 
electrode. The CuS was also prepared by SILAR deposition 
method using a 0.5 M solution of Cu(NO3)2 in ethanol and 
0.5 M  Na2S⋅9H2O solution in ethanol/water (50:50, V/V). 
The polysulfide redox liquid electrolyte was also prepared 
using 1 M  Na2S, 1 M S (99.0%) and 2 M KCl (99.5%) pre-
cursor which were dissolved in methanol/water solution (7/3, 
V/V) in a three-neck flask and stirred for 30 min under the 
Ar gas flow. Then, the other fabrication steps of the QDSCs 
including the electrolyte injection into the space between 
the photoanode and the CE and cell sealing were performed.

2.5  Characterizations

Field emission electron microscopy (FESEM) and EDX 
measurements were performed using a MIRA3 TESCAN 
XMU system. The X-ray diffraction patterns were recorded 
by a Philips Xpert-pro equipment with a Cr Kα (λ = 2.29 Å) 
X-ray radiation. Optical spectroscopies were carried out 
using a Mecasys Optizen POP UV–Vis spectrophotometer. 
The recording process of the photoluminescence spectra of 
alloyed NCs was done through an excitation with 360 nm UV 
light and sending the emission into an avantes 2048L spec-
trophotometer by optical fibers. Diffuse reflection spectra 
were measured using a deuterium–halogen light source and 
the reflection was collected through an integrating sphere 
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and transferred to an Avantes 2048L spectrophotometer. The 
measurements of the current density–voltage characteristics 
were performed under AM 1.5, 100 mW/cm2 simulated sun 
light irradiation using a Sharif solar system. The incident 
photon to current conversion efficiencies (IPCE) were also 
recorded by a Sharif solar IPCE equipment.

3  Results and discussion

CdSeTe QDs were synthesized in aqueous solution since 
lower toxicity of materials, inexpensive and simpler method 
and also the safe experimental conditions [42]. According 
to experimental section, only three CdSeTe samples were 
applied in this research, since the last sample prepared at 
11 h of reflux time was agglomerated and deformed. Fig-
ure 1a demonstrates the transmission spectra of CdSeTe NCs 
prepared in the reflux time of 1, 7 and 10 h. According to the 
results, the absorption edge is of NCs is shifted to the longer 
wavelengths because of the size enhancement and reduction 
of the bandgap energy. It could be observed that the absorp-
tion edge is located around 535 nm for the CdSeTe(1 h) NPs. 
This is red-shifted to 575 and 595 nm for the CdSeTe(7 h) 
and CdSeTe(10 h), respectively. The mentioned shift is cor-
responded to a bandgap energy change from 2.31 to 2.08 eV 
for the synthesized samples. Here, the turning point of the 
transmission spectra in absorption region is selected as the 

bandgap energy of the samples. The photoluminescence 
measurement was also carried out and the results are shown 
in Fig. 1b. It is seen that the PL peak position is altered 
from 534 to 589 nm by prolonging the reflux time from 1 to 
10 h. If we change the PL peak wavelengths to the energy 
the extracted numbers are 2.31, 2.12 and 2.10 eV which are 
close to the bandgap energies achieved from the transmis-
sion spectra. The corresponding PL quantum yields of the 
NCs were also calculated in comparison with uranine refer-
ence material and revealed the values of 7%, 16% and 11% 
as the reflux time is increased. This demonstrates the higher 
PLQY for the sample prepared in 7 h of the heating and bet-
ter crystalline quality.

As mentioned earlier, the alloyed NCs were named as 
CdSeTe(X h); (X = 1, 7, 10) in the experiments. The typical 
X-ray diffraction pattern of the CdSeTe(7 h) nanoparticles 
was recorded and indicated in Fig. 1c. It is obvious that there 
are three clear and widened peaks located at 2Ѳ angles of 
37.19°, 62.71° and 75.12°. These peaks belong to the (002), 
(110) and (112) crystalline planes of hexagonal phase of 
CdSeTe material (JCPDS File No 00-041-1325). Finally the 
samples were placed under the UV light (λ = 360 nm) and 
emission images are shown in Fig. 1d to create a better sense 
about the color and emission color of the particles.

CdSeTe(7 h) quantum dots were selected as a result of 
their appropriate bandgap energy and mainly the higher PL 
quantum yield. This could show the better crystalline quality 

Fig. 1  Optical transmission (a) 
and photoluminescence spectra 
(b) of the CdSeTe NCs during 
the reflux time. X-ray diffraction 
pattern of the typical CdSeTe(7 
h) (c) and real images of the 
QDs solutions (d) and their 
emission under UV light excita-
tion (e)
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and lower density of trap states which could lower the unde-
sirable photogenerated electron–hole pairs and create higher 
current density in fabricated QDSCs. Consequently these 
particles were deposited on  TiO2 mesoporous scaffold, i.e., 
the electron transport layer as the first sensitizing layer of 
the photoelectrodes. Then, they were covered with two extra 
sensitizing films of CdS and CdSe QDs for more improved 
light absorption. Meanwhile, the CdSe QDs layer was depos-
ited through a fast CBD technique and deposition time was 
altered in the range of 0–15 min in the experiments. In the 
first stage  TiO2, nanocrystalline scaffold was utilized which 
was formed of hydrothermally grown  TiO2 NPs deposited 
through doctor blade method on glass FTO substrate. This 
was named as  H12 as was fully explained in experimental 
section. The corresponding SEM images of the  H12  TiO2 
layer is shown in Fig. 2a, b in different magnifications. It is 
seen that the particles are round shape and nearly uniform 
in size. Besides, the formed mesoporous layer is crack-free 
as it is clearly shown in larger windows, i.e., in Fig. 2a. The 
size distribution histogram of the composing particles are 
also extracted and shown in the inset of Fig. 2b. It could be 
observed that the dominant size is about 20 nm, while there 
are other sizes in the range of 15–20 nm.

As was explained the co-sensitized  H12/CdSeTe/CdS(4c)/
CdSe(Y min), Y = 0, 6, 9, 12, 15, photoelectrodes were fab-
ricated and corresponding transmission spectra are shown 
in Fig. 3. The transmission spectra of the  H12  TiO2 sublayer 
and  H12/CdS-sensitized film is also shown for comparison. 
It could be seen that  H12  TiO2 layer is quite transparent with 
a transparency about 80% in longer wavelengths. The optical 
absorption edge is also positioned around 500 nm which is 
corresponded to the bandgap energy of  TiO2. The absorption 
edge is red-shifted to about 500 nm after deposition of CdS 

film due to the band to band light absorption by this sensi-
tizing film. The transmission spectrum shows a decrease in 
intensity for the wavelength range of 550–650 nm for the 
 H12/CdSeTe/CdS(4c) photoanode. This is due to the light 
absorption by CdSeTe layer and also the corresponding low 
thickness achieved through drop casting approach. Mean-
while, for the  H12/CdSeTe/CdS(4c)/CdSe(Y min), Y = 0–15, 
The absorption edge of the spectrum is obviously moved 
toward the longer wavelengths in the range of 550–600 nm. 
The shift is enhanced as the CBD deposition time of CdSe 
layer is increased. This is attributed to the larger size of 
CdSe QDs in the layer and their lower bandgap energy. 
Besides, the lower transmittance in long wavelengths is cre-
ated by increased light scattering of the CdSe film as the 
roughness is intensified for thicker CdSe layers.

The final ZnS passivating film was also deposited on the 
photoanodes surface trough one SILAR cycle, 2 min, as was 
explained earlier. The corresponding J–V characteristics of 
the  H12/CdSeTe(7 h)/CdS(4c)/CdSe(Y min)/ZnS(1c-2 min), 
(Y = 0, 6, 9, 12, 15), photoanodes were recorded and demon-
strated in Fig. 4a. The related schematic of flat band energy 
diagram of the cells is also depicted and shown in Fig. 4b 
for the clearance of the electrons and holes transfer between 
the layers. According to the photovoltaic parameters which 
are extracted and shown in Table 1, the reference cell with 
 H12/CdSeTe(7 h)/CdS(4c)/ZnS(1c-2 min) photoelectrode 
represents a Jsc = 7.15 mA/cm2, Voc = 596 mV, FF = 0.68 and 
PCE = 2.95%. The Jsc, Voc and PCE are increased by depo-
sition of CdSe layer and enhanced for longer CBD deposi-
tion time. Finally, the photovoltaic parameters reach to their 
maximum value of Jsc = 12.55 mA/cm2, Voc = 647 mV and 
ƞ = 3.79% for the co-sensitized cell with  H12/CdSeTe(7 h)/
CdS/CdSe(9 min)/ZnS photoelectrode. This is due to the co-
adsorption of the incident light by CdSe(9 min) QDs layer 
with high crystalline quality and well-transport/transfer of 
charge carriers inside the cell. Meanwhile, the efficiency 
is decreased for the QDSCs with  H12/CdSeTe(7 h)/CdS/
CdSe(Y min)/ZnS, Y = 12–15, photoanodes. This is due to 
the higher thickness of the CdSe-sensitizing layer and the 
higher resistance together with preventing the electrolyte 
from the well penetration into the photoanode and other 
sensitizing films.

To improve the photovoltaic performance of the fabri-
cated QDSCs,  TiO2 hollow spheres were utilized in the pho-
toelectrodes. As mentioned in experimental section,  TiO2 
HSs were prepared and deposited on the  TiO2 NCs sublayer 
as the light scattering film. The top view SEM images of 
the H1  TiO2 mesoporous layer is shown in Fig. 2a, b. Here, 
the SEM images of H1/HSs double-layer scaffold are dem-
onstrated in Fig. 5a, b. It is nicely represented that the  TiO2 
HSs are well-formed and their shape are saved in the layer. 
They are nearly spherical and perforated in some cases due 
to the exhaust of  CO2 gas in the carbon templates burning 

Fig. 2  Optical transmission spectra of the  H12/CdSeTe/CdS(4c)/
CdSe(Y min), Y = 0, 6, 9, 12, 15, photoelectrodes
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stage. The external diameter distribution histogram is also 
extracted from the several images and shown in the inset of 
Fig. 5a. According to result, the dominant external dimeter 
is about 550 nm which is quite appropriate for generation of 
light scattering in visual region of solar incident light. The 
top view SEM images of the CdSeTe QDs-sensitized photo-
anode are demonstrated in Fig. 5c, d. It is obvious that a little 
change in the surface morphology of the H1/HSs scaffold is 
created. This is due to the low thickness of CdSeTe-alloyed 
QDs and deposition by drop casting method. Meanwhile, the 
surfaces of the H1/HSs/CdSeTe/CdS and H1/HSs/CdSeTe/
CdS/CdSe(9 min) photoelectrodes are clearly altered and 
small particles/agglomerations are formed on the HSs film. 
This is represented in the SEM images of Fig. 5e, f. The 
reason can be attributed to the deposition of CdS and CdSe 
QDs layer through SILAR and CBD methods. The den-
sity of these sensitizing particles is also enhanced for the 

CdSeTe/CdS/CdSe(9 min)-sensitized photoanode owing 
to the double layer sensitization. The cross-sectional SEM 
image of the H1/HSs/CdSeTe/CdS/CdSe(9 min) photoanode 
is shown in Fig. 5g. As shown in the figure, the H1  TiO2 
NCs layer and HSs overlayer are quite recognizable and the 
corresponding thicknesses are measured about 5 and 12 μm, 
respectively. Finally, the front and backside real images of 
the H1 and H1/HSs scaffold and H1/HSs/CdSeTe, H1/HSs/
CdSeTe/CdS and H1/HSs/CdSeTe/CdS/CdSe photoanodes 
are delivered in Fig. 5h.

The energy dispersive X-ray spectroscopy (EDX) 
was also carried out for the H1/HSs/CdSeTe/CdS/CdSe/
ZnS(1c-2 min) photoelectrode to clarify the composing ele-
ments. As the results are shown in Fig. 5a, there are several 
peaks related to the Ti, O, S, Se, Te, Zn and Cd elements in 
the spectrum. The atomic percents of included elements in 
the photoanode are also extracted and demonstrated in the 

Fig. 3  J–V characteristics of the fabricated QDSCs with  H12/CdSeTe/CdS(4c)/CdSe(Y min)/ZnS(1c-2 min); Y = 0, 6, 9, 12, 15 photoanodes (a). 
Flat band energy diagram of the photoelectrode (b) and schematic of a fabricated cell (c)
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Fig. 4  Top-view FESEM 
images of the H1 nanocrystal-
line film (a), H1/HSs scaffold 
(b) and H1/HSs/CdSeTe (c), 
H1/HSs/CdSeTe/CdS (d) H1/
HSs/CdSeTe/CdS/CdSe (e)-sen-
sitized  TiO2 layers in different 
magnifications. The correspond-
ing size distribution histograms 
of the  TiO2 nanoparticles and 
hollow spheres are shown in 
the inset of the figures (a, b). 
Cross-sectional SEM image of 
the  TiO2 H1/HSs scaffold (f) 
and front and back side images 
of the sub-layer and sensitized 
photoelectrodes in different 
sensitizing stages (g)
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inset of the figure. According to results, the atomic ratio 
of (S + Te + Se)/Cd is measured about 0.83 which is close 
to one and reveals the formation of the CdSeTe, CdS and 
CdSe-sensitizing films. The MAP analysis is additionally 
performed and related images are represented in Fig. 5b. 
What is clear in the result is the uniform distribution of the 
composing elements in the photoelectrode which plays a key 
role in the PV performance of the fabricated QDSCs.

The X-ray diffraction patterns of the H1 and H1/HSs 
scaffolds and H1/HSs/CdSeTe, H1/HSs/CdSeTe/CdS and 
H1/HSs/CdSeTe/CdS/CdSe-sensitized  TiO2 sublayers are 
recorded and shown in Fig. 6. As shown in Fig. 6a, the H1 
nanocrystalline sublayer demonstrates some obvious peaks 
located at 2θ angles of 37.95°, 57.60°, 74.35°, 84.55° and 
86.60°. These peaks are related to the (101), (004), (200), 
(105) and (211) crystalline planes of the anatase phase  TiO2 
based on the JCPDS file No 01-086-1157. The crystallite 
size of  TiO2 composing nanoparticles could be calculated 
using the FWHM of the (101) peak and Scherrer formula 
[63, 64]. This size is achieved about 20 nm which is in agree-
ment with the real particles size which was extracted from 
the corresponding SEM images. The XRD spectrum of the 
H1/HSs double layer scaffold is demonstrated in Fig. 6b and 
represents similar peaks as the H1 nanocrystalline  TiO2 film. 
This shows that the HSs have the same anatase crystalline 

phase like the hydrothermally grown  TiO2 NPs. For the 
light-sensitized H1/HSs/CdSeTe, H1/HSs/CdSeTe/CdS 
and H1/HSs/CdSeTe/CdS/CdSe photoanodes, the standard 
XRD peak positions and corresponding crystalline planes 
of the hexagonal crystal phase of CdSeTe, cubic phase of 
CdS and hexagonal Phase of CdSe are shown on the spectra 
using the JCPDS files No. 00-041-1325, 00-001-0647 and 

Table 1  Photovoltaic 
parameters of the QDSCs with 
 H12/CdSeTe/CdS/CdSe(Y min)/
ZnS(1c-2 min); Y = 0, 9, 6, 12, 
15 photoelectrodes

Photoanode Jsc (mA/cm2) Voc (mV) FF ŋ (%)

H12/CdSeTe/CdS/CdSe(0 min)/ZnS 7.15 596 0.68 2.95
H12/CdSeTe/CdS/CdSe(6 min)/ZnS 11.25 590 0.52 3.45
H12/CdSeTe/CdS/CdSe(9 min)/ZnS 12.56 647 0.47 3.80
H12/CdSeTe/CdS/CdSe(12 min)/ZnS 11 608 0.45 3
H12/CdSeTe/CdS/CdSe(15 min)/ZnS 10.25 595 0.44 2.7

Fig. 5  EDX spectrum of the H1/HSs/CdSeTe/CdS/CdSe photoelectrode (a) and the results of MAP analysis (b) for including Cd, Te, Se, S, Ti 
and O elements. The table of atomic percent of all detected elements is shown in the inset of a view

Fig. 6  X-ray diffraction patterns of the mesoporous H1 (a) and H1/
HSs (b), H1/HSs/CdSeTe (c), H1/HSs/CdSeTe/CdS(4c) (d) and H1/
HSs/CdSeTe/CdS/CdSe(9 min) photoelectrodes (e)
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00-002-0330, respectively. It could be seen that the CdS-
related peaks are slightly recognizable, while the others are 
quite unclear due to the comparative low thickness of sensi-
tizing films to the  TiO2 sublayer.

Figure 7a displays the transmission spectra of the H1 and 
H1/HSs scaffolds and also the sensitized H1/HSs/CdSeTe, 
H1/HSs//CdSeTe/CdS and H1/HSs//CdSeTe/CdS/CdSe pho-
toelectrodes. Again it is clear that the H1 nanocrystalline 
 TiO2 layer is well-transparent and the oscillations in long 
wavelengths reveal the smooth surface and light interference 
consequences. Meanwhile, the value of transmission for the 
double layer H1/HSs and other sensitized photoelectrodes 
is nearly zero owing to the high intensity of light scattering 
created by  TiO2 HSs film. This can make the photoanodes 
as some quite opaque multilayers and the white appearance 
of the H1/HSs scaffold could justify the mentioned point. 
The corresponding diffuse reflectances of the photoanodes 
are demonstrated in Fig. 7b. It is observed that the  TiO2 
nanocrystalline film shows a low reflectance, i.e., lower 
than 10% due to its high level of transparency. Meanwhile, 
the reflectance is increased to around 80% for the H1/HSs 
double layer scaffold which confirm the high level of light 
scattering. The absorption edge is also about 380 nm and 
is related to the bandgap energy of  TiO2, i.e., the 3.2 eV. 
According to the results there is an absorption in the wave-
lengths below 600 nm for the H1/HSs/CdSeTe-sensitized 
photoanode which is attributed to the CdSeTe NPs layer. 
This is in correspondence with the absorption of these syn-
thesized particles, as shown in Fig. 1a, b. The deposition 
of CdS-sensitizing film created a higher absorption in the 
wavelengths about 500 nm due to the higher thickness which 
is deposited through the SILAR method. Finally, for the H1/
CdSeTe/CdS/CdSe photoanode the absorption edge is quite 

red-shifted to the range of 600–650 nm which shows the 
effective deposition of CdSe-sensitizing film with appropri-
ate thickness by CBD approach.

Figure 8a represents the J–V characteristics of the fabri-
cated QDSCs with  H12/CdSeTe/CdS/CdSe/ZnS(1c-2 min) 
and H1/HSs/CdSeTe/CdS/CdSe/ZnS(Nc-2  min), N = 1, 
2, photoanodes. Here, N shows the number of deposition 
cycles for the ZnS passivating layer with dipping time of 
2 min. The corresponding photovoltaic parameters are also 
extracted and shown in Table 2.

As it is recorded, the reference cell with  H12/CdSeTe/
CdS/CdSe/ZnS(1c-2  min) photoanode demonstrates a 
Jsc = 12.55  mA/cm2, Voc = 647  mV, FF = 0.47 and PCE 
of 3.8%. Meanwhile, The Jsc is increased to 13.75 mA/
cm2 and the FF and ƞ are enhanced to 0.52% and 4.25% 
for the co-sensitized cell with H1/HSs/CdSeTe/CdS/CdSe/
ZnS(1c-2 min) photoanode. It is necessary to mention that 
the thickness of nanocrystalline  TiO2 layer is about 5.0 µm 
and half of the thickness of NCs sublayer in the reference 
cell. As the quantum dots adsorption on the photoanode 
surface is mainly done by nanocrystalline layer and HSs 
have a slight role. It obvious that the observed enhance-
ment is due to the HSs light scattering which increase the 
light traveling path/light absorption in corresponding pho-
toelectrode. In addition, for the similar cell with two cycles 
of ZnS deposition cycles, the photovoltaic parameters are 
improved to Jsc = 15.1 mA/cm2, Voc = 575 mV, FF = 0.57 
and PCE = 4.92%. This shows that fabricated QDSC with 
H1/HSs/CdSeTe/CdS/CdSe/ZnS(2c-2  min) photoanode 
reveals the maximum power conversion efficiency and an 
enhancement about 30% compared to the reference cell. The 
reason could be attributed to the better surface passivation/
lower density of char carriers trap states in the photoanode/

Fig. 7  Optical transmission (a) and diffuse reflectance spectra (b) of the H1 and H1/HSs  TiO2 scaffolds and H1/HSs/CdSeTe, H1/HSs/CdSeTe/
CdS(4c) and H1/HSs/CdSeTe/CdS/CdSe(9 min) photoelectrodes
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electrolyte interface. Besides, the 3 cycles of ZnS deposi-
tion did not work and the corresponding QDSC was dis-
connected due to the strong ZnS potential barrier in front 
of the necessary hole transfer in QDs/electrolyte interface. 
The incident photon to current conversion efficiency (IPCE) 
analysis was also performed for the mentioned fabricated 
QDSCs. As shown in Fig. 8b, the spectra are spread in the 
wavelength range of 400–700 nm. This is related to the light 
absorption by different CdSeTe, CdS, CdSe-sensitizing QDs 
layers. Meanwhile, the lowest intensity among the IPCE 
spectra belongs to the reference cell with  H12/CdSeTe/
CdS/CdSe(9 min)/ZnS(1c-2 min) photoelectrode. The IPCE 
curves are improved for the HSs included QDSCs and maxi-
mum IPCE values are related to the pioneer cell with H1/
HSs/CdSeTe/CdS/CdSe/ZnS(2c-2 min) photoanode. This is 
in correspondence with the results of J–V curves and dem-
onstrates the effectiveness of HSs application and optimiza-
tion of the passivation layer.

4  Conclusion

In this work the effect of CdSe QDs layer, light scat-
tering  TiO2 HSs layer and passivizing film on the PV 
performance of CdSeTe/CdS-sensitized QDSCs were 

investigated. Several structural, optical an elemental analy-
sis were performed specially concentrated on multi-layer 
photoelectrodes. The result demonstrated that allocation 
of CdSe co-sensitizing QDs film through 9 min of CBD 
process could create an enhance about 30% in PCE. This 
was attributed to the effective and extra light absorp-
tion by optimized CdSe QDs layer and possible electron/
hole transport inside the cells. The  TiO2 HSs with sizes 
around 550 nm were also synthesized and utilized as the 
over-deposited light scattering layer on the surface of 
mesoporous  TiO2  NCS scaffold. This modification could 
also led to 12% enhancement in the PCE of QDSC with 
 TiO2  NCS/HSs/CdSeTe/CdS(9 min)/ZnS photo electrode. 
Finally a thick ZnS passivizing final over layer was applied 
and showed another 30% increase in PV performance. 
It was shown that the best QDSC demonstrated a 68% 
enhancement in power conversion efficiency compared to 
that of the CdSe and HSs-free reference cell.

Author contributions All authors contributed to the study conception 
and design. Material preparation, data collection and analysis were 
performed by NS, SHA, and MM. The first draft of the manuscript was 
written by Dr. MM and all authors commented on previous versions 
of the manuscript. All authors read and approved the final manuscript.

Fig. 8  a J–V (b) and IPCE curves of the fabricated QDSCs with  H12/CdSeTe/CdS/CdSe/ZnS(1c-2  min) and H1/HSs/CdSeTe/CdS(4c)/
CdSe(9 min)/ZnS(Nc-2 min); N = 1, 2, photoelectrodes

Table 2  Photovoltaic parameters of the QDSCs with  H12/CdSeTe/CdS/CdSe(9  min)/ZnS(1c-2  min) and H1/HSs/CdSeTe/CdS/CdSe/
ZnS(Nc-2 min), N = 1, 2, photoelectrodes

Photoanode Jsc (mA/cm2) Voc (mV) FF ŋ (%)

H12/CdSeTe/CdS(4c)/CdSe(9 min)/
ZnS(1c-2 min)

12.55 647 0.47 3.80

H1/HSs/CdSeTe/CdS(4c)/CdSe(9 min)/ZnS(1c-2 min) 13.75 586 0.53 4.25
H1/HSs/CdSeTe/CdS(4c)/CdSe(9 min)/ZnS(2c-2 min) 15.1 575 0.57 4.95
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