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a b s t r a c t

The surface passivation layer in quantum dot sensitized solar cells (QDSSCs) plays a very important role
in preventing surface charge recombination and, thus, improving the power conversion efficiency. The
present study demonstrated the introduction of a ZnSe passivation layer prepared with a successive ionic
layer absorption and reaction (SILAR) method in CdS/CdSe co-sensitized solar cells, though not likely in
the ideal form of a conformal overlayer, have significantly enhanced the power conversion efficiency,
which was found to be far more efficient than the most widely used ZnS passivation layer. Not only can
the ZnSe passivation layer reduce surface charge recombination, but can also enhance the light har-
vesting. The short-circuit current density, open-circuit voltage, fill factor, and the corresponding pho-
tovoltaic conversion efficiency were all significantly improved with the introduction of a ZnSe passiva-
tion layer but varied appreciably with the layer thickness. When three SILAR cycle layer was applied, the
power conversion efficiency is as high as 6.4%, which is almost doubled the efficiency of 3.4% for the solar
cell without ZnSe passivation layer. For the comparison, the CdS/CdSe co-sensitized solar cells with
optimum ZnS passivation layer was also fabricated, which generated a power conversion efficiency of
4.9%, much lower than 6.4% of ZnSe passivated QDSSCs. This work demonstrated that ZnSe would be a
good alternative to ZnS as a passivation material.

& 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Developing low cost and high performance solar cells for har-
vesting and converting solar energy to electricity is one of the
most promising technologies to meet the imperative societal need
for sustainable clean energy with minimal or no detrimental en-
vironmental impact [1]. Over the decades, many new technologies
and materials have been investigated to meet the demand for low
cost and highly efficient solar power conversion, and tremendous
progress has been made [2–5]. For example, organic photovoltaics
have demonstrated a power conversion efficiency of 12% [6] and
the perovskite solar cells reached a conversion efficiency of �20%
[7]. However, they both suffer from poor stability in ambient en-
vironment [8,9]. Dye sensitized solar cells (DSSCs) have received
intensive research over the past 25 years, due mainly to its in-
sensitivity of impurities, inexpensive and simple fabrication
process, and relatively high power conversion efficiency [10–12].
But the further development of DSSCs is limited by the light har-
vesting and the challenge of synthesis of new and low cost dyes
[13]. Narrow band gap quantum dots (QDs) such as CdS [14], CdSe
[15–17], PbS [18,19], CdTe [20] and Ag2S [21] can be used as solar
harvesters to replace dyes, due to their tunable band gaps, larger
extinction coefficients, multiple exciton generation (MEG) effect
with single-photon absorption, and higher stability in the water
and air [22,23]. Quantum dot sensitized solar cells (QDSSCs) can be
regarded as a derivative of dye sensitized solar cells and are pro-
mising in being next generation of photovoltaics for wide spread
applications.

In spite of many efforts made on the QDSSCs with much high
theoretical conversion efficiency in the past, the best power con-
version efficiency remains obviously lower than that of DSSCs [11].
There are many factors that influence the performance of QDSSCs,
including the electrocatalytic activity of the counter electrode, the
efficiency of redox couples in electrolyte, the type of QDs and the
structure of mesoporous film for photoanode. However, the rela-
tively lower efficiency was primarily attributed to high charge
recombination, mainly including the recombination between the
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electrons in QDs and the oxidized form of the redox couples and
between the electrons in the oxide (for example, TiO2) and the
oxidized form of redox couples [3,24]. The latter is due to the fact
that it is very difficult to get a full and conformal coverage of QDs
on the inner surface of mesoporous photoanode, so part of the
bare photoanode (TiO2, for example) would have direct contact
with the electrolyte permitting a leakage of electrons to the
electrolyte [15,25]. When in-situ growth methods including che-
mical bath deposition (CBD) and successive ionic layer absorption
and reaction (SILAR) have been widely used to deposit QDs di-
rectly onto photoanode to ensure the intimate contact between
photoanode and QDs and the homogeneous distribution of QDs.
However, the resulting QDs, particular the surface states of the
QDs are far from perfect due to the low temperature processing.
Such the surface states of QDs exert an appreciable but detri-
mental role leading to pronounced charge recombination [26],
Therefore, surface passivation of the QDs as well as the meso-
porous oxide electrode with organic and/or inorganic materials
has been a critically important aspect in the QDSSCs research
[24,27].

Among all the QDs, CdS and CdSe have attracted much research
attention. CdS has a higher conduction band edge than the com-
monly used oxides such as TiO2 and ZnO that forming the pho-
toanode. The high conduction band edge of CdS may facilitate the
photo excited electrons injecting into photoanode, however its
wide band gap (2.25 eV in bulk) leads to limited light absorption
[15]. Compared with CdS, CdSe has a narrow band gap (1.7 eV in
bulk) corresponding to the wavelength of 720 nm in visible-light
region [15]. Therefore, co-sensitization of the oxide photoanode
with CdS and CdSe quantum dots would allow both broad light
absorption and effective charge injection, and the deposition of
CdS and CdSe quantum dots can be readily achieved by SILAR, CBD
[28,29], link assisted binding of the pre-synthesized colloidal QDs
[30], photodeposition, and electrophoresis methods [31]. CdS/CdSe
co-sensitized solar cells have been extensively studied. So far the
highest PCE of CdS/CdSe co-sensitization system with mesoporous
TiO2 films as photoanodes has reached 6% [32–34], where typically
a wide-band-gap semiconductor ZnS is coated to function as a
passivation layer.

As for the passivation layer in QDSSCs, ZnS has been the most
frequently studied inorganic passivation agent to reduce and
prevent interfacial charge recombination [26,35,36]; while other
inorganic materials such as SiO2 [37], TiO2 [38], PbClx [39] have
also been reported. In addition, organic materials such as thiols
[40], amines [41], and carboxylic acids [42] have also been studied
to passivate the surface states of QDs by acting as electron or hole
traps. All these works demonstrated that the passivation treat-
ment is an effective way to improve the power conversion effi-
ciency of QDSSCs. Recently, Zhong's group applied a ZnS/SiO2

barrier coating on the CdSexTe1�x QD-sensitized photoanode to
inhibit interfacial charge recombination as well as to improve the
cell stability, with the highest power conversion efficiency of 8.55%
achieved. Their result further illustrated that the suppression of
charge recombination at the oxide/electrolyte interface is a very
vital aspect to improve photovoltage and photocurrent of QDSSCs
[43].

ZnS used for passivation layer is because it has a more negative
minimum conduction band edge (Ecb) compared to CdS/CdSe QDs,
and can thus prevent electron transfering from the QDs and oxide
to the electrolyte. However, since the maximum valence band edge
of ZnS is more positive than those of CdS/CdSe QDs, the use of ZnS
for passivation layer would undesirably retard the hole transfer
from QDs to electrolyte, causing reduced charge separation in QDs
[36]. In order to circumvent the detrimental impact on the charge
separation and injection, alternate passivation material with ap-
propriate electronic structure is worth being explored. ZnSe is a
good candidate, in view of its Ecb and Evb are higher than those of
CdS/CdSe QDs; such band alignment would not only prevent the
electron back transfer to the electrolyte but may also facilitate the
desired hole transport from the QDs to the electrolyte. Soni et al.
[44] reported a thick ZnSe layer in CdSe/CdS/ZnSe type II core/
intermediate/shell (C/I/S) structures facilitates electron-hole pair
separation. Ahmed et al. [45] constructed CdSe/CdS/ZnSe type II
core/shell structures in QDSSCs and demonstrated the power
conversion efficiency increased from 1.86% to 3.99% with the in-
troduction of a ZnSe layer. Zhou et al. [46] introduced a thin ZnSe
layer between CdSe QDs and ZnS layer, resulting in a significantly
increased photocurrent and a large enhancement in solar energy
conversion efficiency. It was explained that the introduction of
ZnSe could reduce the lattice mismatch between CdSe and ZnS,
which led to the suppression of defect formation at the CdSe/ZnS
interface and thus facilitated the growth of ZnS with enhanced
quality and improved the stability of CdSe QDSSC.

Although ZnSe as a passivation layer has a favorable electronic
configuration and has demonstrated effects on improving the
power conversion efficiency in QDSSCs, the efficiency remains
lower than 5% at present [45,47,48]. In this work, we demon-
strated the effects of ZnSe passivation layer with appropriate
coverage and thickness on the photovoltaic performance of
TiO2/CdS/CdSe QDSSCs in terms of light absorption, charge trans-
port, and charge recombination. It was found that the PCE of a
solar cell with three SILAR cycles deposition of ZnSe passivation
layer increased from 3.4–6.4% (Voc¼0.58 V, Jsc¼20.11 mA cm�2,
FF¼0.55), an almost 87% enhancement compared to the solar cells
without ZnSe passivating layer. For the comparison, the CdS/CdSe
co-sensitized solar cells with optimum ZnS passivation layer was
also fabricated, which generated a power conversion efficiency of
4.9%, much lower than 6.4% of ZnSe passivated QDSSCs. This work
demonstrated that ZnSe would be a good alternative to ZnS as a
passivation material.
2. Experimental section

2.1. Chemicals and material

Titanium oxide (TiO2, Degussa, P25), α�terpineol (C10H8O, 96%,
Sigma Aldrich), ethyl cellulose ([C6H7O2(OC2H5)3]n, 48.0�49.5%
(w/w) as ethoxyl, Sigma Aldrich), zinc acetate dihydrate (Zn(AC)2 �
2 H2O, AR, 98.0%), cadmium acetate dihydrate (Cd(AC)2 �2 H2O, AR,
98.0%), cadmium nitrate tetrahydrate (Cd(NO3)2 �4 H2O, AR,
98.0%), sodium sulfide (Na2S, AR, 98.0%), sodium borohydride
(NaBH4, AR, 98.0%), selenium powder (Se, �200 mesh, 99.9%), and
sulfur (S, Reagent grade). brass foil (alloy 260, 0.3 mm thick, Alfa
Aesar), hydrochloric acid (HCl, 37%, USA), methanol (CH3OH,
Z99.5%, Sigma Aldrich), and ethanol (CH3CH2OH, Z99.5%, Decon)
were all directly used without further purification. Ultrapure
deionized water was used for the preparation of all aqueous
solutions.

2.2. Preparation of mesoporous TiO2 films

A TiO2 paste was composed of 0.5 g Degussa P25 mixed with
0.25 g ethyl cellulose and 1.75 g α-terpineol dispersed into 5.0 mL
ethanol after removing the ethanol under stirring. Transparent
TiO2 mesoporous film was prepared via doctor blading the TiO2

paste on a clean F:SnO2-coated (FTO, 6–8Ω/square) glass sub-
strate. The film was then sintered at 500 °C for 30 min to remove
impurities and improve the crystallinity. The thickness of the TiO2

film, measured with SEM was about 17 mm.



F. Huang et al. / Nano Energy 26 (2016) 114–122116
2.3. Growth of CdS/CdSe QDs and ZnSe passivation layer

CdS seed layer was first deposited by SILAR method on the
surface of TiO2 mesoporous film to facilitate the subsequent CdSe
growth. The film was first immersed into a 0.1 MCd(NO3)2 �4 H2O
solution for 1 min After rinsed with methanol and dried, the film
was immersed into a 0.1 M Na2S solution for another 1 min, fol-
lowed by rinsing with methanol and dring again. This process was
repeated five times.

CdSe was deposited on the TiO2/CdS film through a CBD pro-
cedure. The CBD solution contains 0.1 M Na2SeSO3, 0.1 MCd(AC)2 �
2 H2O, and 0.2 M N(CH2COONa)3 with a volume ratio of 1:1:1. The
TiO2/CdS film was immersed in this solution under dark condition
for 3 h at room temperature.

After CdSe deposition, ZnSe was deposited by a SILAR method.
Briefly, 0.1 M Se source solution was prepared by mixing sodium
borohydride (NaBH4) and selenium powder in deionized water
with vigorous stirring while the container was purged with N2

until it became transparent. TiO2/CdS/CdSe films were first im-
mersed in 0.1 M Zn(AC)2 �2 H2O for 2 min and then in 0.1 M NaHSe
for 2 min Following each immersion, the films were rinsed with
deionized water to remove excess precursors and dried before the
subsequent dipping. This immersion cycle was repeated different
times for the ZnSe layer (designated as 1ZnSe). In this process Se
source solution was always purged with N2.

The ZnS passivation layer with optimum thickness (3 SILAR
cycle deposition) was prepared by a SILAR method through dip-
ping the TiO2/CdS/CdSe film in an aqueous solution containing
0.1 M Zn(NO3)2 and 0.1 M Na2S for 1 min, respectively. This pro-
cess was repeated for three times.
Fig. 1. SEM images of top view of TiO2/CdS/CdSe photoanodes without ZnSe passivation
2.4. Electrolyte, counter electrode and device assemble

The polysulfide electrolyte was made by dissolving 1 M Sulfur
and 1 M sodium sulfide in deionized water before each test. The
counter electrode is a nanostructured Cu2S film on brass foil, made
by immersing a brass foil into 37% HCl at 80 °C for 40 min, taking it
out to rinse with deionized water and ethanol, dring in air, then
immersing it into the freshly prepared electrolyte for 5 min, re-
sulting in the formation of Cu2S on the brass foil. The device was
assembled into sandwich-type using a scotch tape placed between
the QDs sensitized photoanode and counter electrode.

2.5. Characterization

Transmission electron microscopy (TEM) was carried out on a
Tecnai G2 F20 TEM. The morphology of the films was character-
ized by scanning electron microscope (SEM, JSM-7000). The
compositional EDX analysis and elemental mapping on the sam-
ples were carried out by EDX integrated in SEM (JSM-7000). The
photovoltaic properties were measured using an HP 4155 A pro-
grammable semiconductor parameter analyzer under AM 1.5 si-
mulated sunlight with a power density of 100 mW cm�2. Optical
absorption (Perkin Elmer Lambda 900 UV/VIS/IR Spectrometer)
was used to study the light absorption properties of the samples.
Electrochemical impedance spectroscopy (EIS) was carried out
using a Solartron 1287A coupled with a Solartron 1260 FRA/im-
pedance analyzer to investigate the electronic and ionic processes
in the QDSCs. The incident photon-to-current conversion effi-
ciency(IPCE) was carried out using 7-SCSpec response measure-
ment system.
layer (a, b), and with three SILAR cycle deposition of ZnSe passivation layer (c, d).
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3. Results and discussion

Fig. 1 is the SEM images representing the top view of the
photoanodes. Fig. 1(a) and (b) show the surface morphology of
TiO2/CdS/CdSe photoanodes without ZnSe passivation layer, while
Fig. 1(c) and (d) are the surface morphology of TiO2/CdS/CdSe
photoanodes with three SILAR cycle deposition of ZnSe passivation
layer. There is no apparent change in the morphology, except a
little increase in the particle size with the ZnSe passivation layer
deposition, however, the exact increase in size is difficult to de-
termine and inconclusive.

Fig. 2(a) is a high-resolution TEM (HRTEM) image to confirm
the existence of CdS, CdSe and ZnSe on the surface of meso-
porous TiO2 film. Various crystalline planes are clearly observed.
The lattice spacings of 0.33, 0.351 and 0.206 nm in the poly-
crystalline particle are matching well to the respective inter-
planar spacings of the (111) planes of cubic ZnSe and CdSe, and
the (220) planes of cubic CdS. From the cross sectional view of
the TiO2/CdS/CdSe/3ZnSe mesoporous film in Fig. 2(b), the film
thickness was approximately 17 mm. The EDX spectra on the
cross-section of TiO2/CdS/CdSe/3ZnSe film shown in Fig. 2(c),
revealed the distribution of CdS, CdSe and ZnSe QDs in the
photoanode film. The atom ratios of Zn:S:Cd:Se was found to be
2.8:0.7:8.0:6.4 for TiO2/CdS/CdSe/3ZnSe, so the molar ratio of
CdS, CdSe and ZnSe can be calculated as 8:62:30. This result
indicates that ZnSe takes up a large portion; while CdSe QDs
remains the major light absorbing phase. The cross-sectional
mapping images in Fig. 2(d) demonstrated that the element
distributions of Zn, Cd, S and Se were homogeneously dis-
tributed throughout the mesoporous TiO2 films.
Fig. 2. (a) High-resolution TEM image and (b) cross sectional SEM image of TiO2/CdS/
tribution maps of Cd, S and Se along the cross-section of TiO2/CdS/CdSe/3ZnSe mesopo
Fig. 3 presents the optical absorption spectra of the
TiO2/CdS/CdSe films with various SILAR cycles of ZnSe passivation
layer over the wavelengthes ranging from 350 to 800 nm, while
with the same film thickness and the same loading of CdS and
CdSe QDs. There is noticeable change in both the absorbance
intensity and the absorption range under the same measurement
condition. The absorption showed dependence on the numbers of
SILAR cycle for deposition ZnSe passivation layer. With increasing
SILAR cycles for the deposition of ZnSe passivation layer the ab-
sorbance of the films increased moderately and meanwhile the
light absorption edge of the films shifted to a longer wavelength
in the near infrared region. In principle, the increased deposition
of ZnSe would only enhance the light absorption at wavelengthes
shorter than 460 nm considering the fact that the energy band
gap of bulk ZnSe is 2.7 eV [45]. However, Fig. 3(a) shows that the
introduction of ZnSe passivation layer enhanced the absorption
at wavelengthes longer than 460 nm. Such results were also
widely reported in literatures [45,46,49], though no efforts have
been made to elaborate and explain the cause of such enhance-
ment. One possibility is due to the existence of excessive cad-
mium salts (i. e. cadmium acetate and cadmium nitrate related to
the fabrication of CdS and CdSe QDs) on the surface of
TiO2/CdS/CdSe film; the cadmium salts react with Se2� during
the SILAR deposition of ZnSe, leading to a further growth of the
CdSe QDs and also the formation of new CdSe QDs increasing
light absorption. Another possibility is due to partial overlap of
the exciton wave function of CdS/CdSe QDs and ZnSe passivation
layer because of the interaction between the two parts
[45,49,50]. Since the amount of cadmium salts remained on the
surface of TiO2/CdS/CdSe film is rather small for the formation of
CdSe/3ZnSe film, (c) EDX spectra based on the cross-section and (d) element dis-
rous film.



Fig. 3. (a) UV–visible light absorption spectra and (b) (Ahν)2 vs. hν curves of TiO2/CdS/CdSe films with various SILAR cycles of ZnSe passivation layer.

Table 1
The fitting results of the electrochemical impedance spectra of QDSSCs with pho-
toanode coated with various SILAR deposition cycles of ZnSe passivation layer.

Samples R1 (Ω) Rct (Ω) τn (ms)

0ZnSe 1.6 64.2 11.5
1ZnSe 1.4 89.1 17.5
2ZnSe 1.5 118.6 40.0
3ZnSe 1.6 155.4 49.3
4ZnSe 1.3 165.0 60.4

Fig. 4. (a) Nyquist plots and (b) Bode plots of EIS spectra of TiO2/CdS/CdSe QDSSCs with various SILAR cycles of ZnSe passivation layer recorded under dark at an applied
forward bias of �0.6 V.

Table 2
Photovoltaic properties obtained from the J–V curves with various ZnSe passivation
layer and with three SILAR cycle ZnS passivation layer.

Samples Voc (V) Jsc (mA cm�2) FF η (%)

0ZnSe 0.50 12.94 0.52 3.42
1ZnSe 0.53 16.90 0.52 4.63
2ZnSe 0.56 18.70 0.53 5.51
3ZnSe 0.58 20.11 0.55 6.39
4ZnSe 0.57 19.12 0.48 5.18
3ZnS 0.55 15.71 0.57 4.91
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new CdSe, the enhancement in absorption of the photoelectrodes
likely resulted from the second reason. As shown in Fig. 3(b), the
band gap of the QDs was estimated by extrapolating the linear
portion of the (Ahν)2 versus hν plots, according Eq. (1), where A is
the absorbance, c is a constant, ν is the frequency and h is Plank's
constant [25,51]

( )( ) = − ( )Ahv hv Ec 1g
2

As expected the calculated band gaps of the QDs are larger than
the band gap of bulk CdSe (1.74 eV) as a result of quantum con-
finement effect. With increasing the SILAR cycles of ZnSe passi-
vation layer, the calculated band gap of CdS/CdSe QDs become
smaller, corresponding with the red shift of the absorption edge.
Consequently the enhanced light absorption could resulting in an
increased photocurrent density (Jsc) (Table 1).

Electrochemical impedance spectroscopy (EIS) measurements
were carried out to evaluate the resistance and charge re-
combination process under forward bias (�0.6 V) and dark con-
dition. Fig. 4 shows the EIS results of the QDSSCs with various
SILAR cycles of ZnSe passivation layer which were fitted with
Z-view software based on the equivalent circuit provided in the
inset of Fig. 4(a). R0 represents the resistance of FTO substrate and
the resistance between FTO and TiO2. R1 represents the charge
transfer resistance at counter electrode/electrolyte interface cor-
responding to the first and small semicircle in the Nyquist plot in
the Fig. 4(a). Rct represents the charge transfer resistance at the
TiO2/QDs/electrolyte interfaces and within the TiO2 films which is
shown as the second and large semicircle in the Nyquist plot
[16,23,52].

The fitting results of the electrochemical impedance spectra are
shown in Table 2. Since we used the same counter electrode and



Fig. 6. Photocurrent density–voltage (J–V) curves of TiO2/CdS/CdSe QDSSCs with
various SILAR cycles of ZnSe passivation layer measured under dark condition.
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electrolyte in the test, there is no apparent difference in R1 of these
QDSSCs. However, the value of Rct dramatically increased with
increasing the SILAR cycles of ZnSe passivation layer. When four
SILAR cycle ZnSe were applied, the value of Rct reached its max-
imum, significantly higher than that of the QDSSCs without ZnSe
passivation layer. Because Rct represents the charge recombination
resistance, the higher the value of Rct is, the electrons in the
photoanode are harder to recombine with the electrolyte redox
couple (S2�/Sn2�), leading to a decreased charge recombination
rate [52,53]. Fig. 4(b) gives the bode plots of the impedance
spectra, the electron lifetime can be calculated by Eq. (2) [53,54]

τ
ω π

= =
( )f

1 1
2 2

n
min min

where fmin is the peak frequency at the minimum phase angle in
the Bode plot of the spectrum. The estimated electron lifetimes of
the TiO2/CdS/CdSe QDSSCs with various SILAR cycles of ZnSe
passivation layer are listed in Table 2. When four SILAR cycle ZnSe
passivation layer was deposited, the electron lifetime is 60.4 ms,
which is more than five times longer than that of the QDSSCs
without ZnSe passivation layer (11.54 ms). It clearly reveals that
introducing ZnSe passivation layer can prolong electron lifetime in
view of reduced charge recombination at the TiO2/QDs/electrolyte
interfaces. Reduced interface charge recombination is often used
to explain the higher Voc and FF [55,56].

The scheme of the structure and charge transfer pathways in
TiO2/CdS/CdSe QDSSCs with a ZnSe passivation layer is illustrated
in Fig. 5. Under light illumination, the CdS/CdSe QDs as sensitizer
capture photons and generate electron-hole pairs which rapidly
separate at the interface of QDs and TiO2 photoanode. Then elec-
trons inject into the conduction band of TiO2, while holes are re-
duced by the redox couples (S2�/Sn2�) in electrolyte. At the same
time some charge recombination processes also take place in
QDSSCs [3], such as the recombination of the excited electrons in
the conduction band of QDs with Sn2� in electrolyte and the re-
combination of electrons in the conduction band of TiO2 photo-
anode transfer back to react with Sn2� in electrolyte. These re-
combination processes may have severe impacts on the solar cell
performance. As illustrated in Fig. 5, ZnSe has a more negative
minimum conduction band edge (Ecb) and a less positive max-
imum valence band edge (Evb) compared with CdS/CdSe QDs. In
this structure, ZnSe as a passivation layer not only prevents the
electron transfer back reaction from QDs and TiO2 photoanode to
the electrolyte but also facilities hole transfer from QDs to the
electrolyte. As a consequence, TiO2/CdS/CdSe QDSSCs with the
ZnSe passivation layer achieved a more efficient charge separation
and a more reduced electron recombination compared to the solar
Fig. 5. Schematic illustration of the charge transfer pathways in TiO2/CdS/CdSe
QDSSCs with ZnSe passivation layer.
cell without passivation layer. Fig. 6 shows the photocurrent
density–voltage (J–V) curves of the TiO2/CdS/CdSe QDSSCs with
various SILAR cycles of ZnSe passivation layer measured under
dark condition. Compared with the device without ZnSe passiva-
tion layer, the dark current decreased, with a same trend in EIS
results. Which further indicates that the charge recombination
process was strongly inhibited via introducing the ZnSe passiva-
tion layer.

To evaluate the light absorption and electron generation char-
acteristics, the incident photon-to-current conversion efficiency
(IPCE, or external quantum efficiency, EQE) of QDSSCs with various
SILAR cycles of ZnSe passivation layer as a function of wavelength
are shown as Fig. 7. The maximum IPCE of TiO2/CdS/CdSe QDSSCs
reached 90% at 610 nm when three SILAR cycle ZnSe passivation
layer was deposited, about 31% improvement compared with the
maximum IPCE of 68% at 520 nm for CdS/CdSe sensitized solar
cells without ZnSe passivation layer, indicating the excellent en-
ergy conversion efficiency. IPCE can be estimated by the following
equation [57]:

=ƞ ×ƞ ×ƞ ( )IPCE 3LHE ct cc

“ƞLHE” is light harvesting efficiency, “ƞct” is charge transfer effi-
ciency, and “ƞcc” is charge collection efficiency. “ƞLHE” of the QDSSCs
is consistent with the light absorption of the photoelectrodes.
From the results of UV–visible spectra (as shown in Fig. 3), the
absorption of photoelectrodes with ZnSe passivation layer is much
Fig. 7. Incident photon-to-current conversion efficiency (IPCE) spectra of
TiO2/CdS/CdSe QDSSCs with various SILAR cycles of ZnSe passivation layer.



Fig. 8. Photocurrent density–voltage (J–V) curves of TiO2/CdS/CdSe QDSCs with various ZnSe passivation layer measured under AM 1.5, 100 mW/cm2 sunlight.
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higher than that of the photoelectrodes without ZnSe passivation
layer, indicating a higher ƞLHE is attained. The charge transfer ef-
ficiency “ƞct” is mainly determined by the energy level difference
between the conduction band edge of QDs and the photoanode.
The photoexcited electrons would transfer from high conduction
band to the low conduction band, the difference in energy level is
the driving force for charge transfer. Theoretically, the conduction
band edge of CdS/CdSe QDs is over 200 mV higher than that of
TiO2, this will be sufficient to drive charge transfer from QDs to
TiO2 [45,58]. The charge collection efficiency “ƞcc” is related to the
charge recombination in solar cells; the deposition of ZnSe passi-
vation layer can enhance the recombination resistance and pro-
long the electron lifetime. The reduced dark current density is also
indicative of reduced charge recombination. These results are
consistent with the enhancement of “ƞcc”. The enhancement of
light absorption and the decrease in charge recombination col-
lectively contribute to the improved quantum efficiency.

Fig. 8(a) shows the photocurrent density–voltage (J–V) char-
acteristics of TiO2/CdS/CdSe QDSSCs with various SILAR cycles of
ZnSe passivation layer obtained under one Sun (AM 1.5,
100 mW/cm2) illumination. The performance parameters of dif-
ferent solar cell devices are summarized in Table 2. When only
CdS/CdSe QDs loading on bare TiO2 film, the device generated a
short circuit current density (Jsc) of 12.94 mA cm�2, an open cir-
cuit voltage (Voc) of 0.498 V, and a fill factor (FF) of 0.52, yielding a
power conversion efficiency (η) of 3.42%. When ZnSe passivation
layer was deposited, the Voc, Jsc and FF all greatly increased, with
three SILAR cycle ZnSe deposition the maximum values reached
20.11 mA cm�2, 0.581 V, and 0.55, respectively and the highest
power conversion efficiency of 6.39%, which is much higher than
the power conversion efficiency of 4.91% with a ZnS passivation
layer. It is worth noting that the performance decreased with a
further increase of the ZnSe deposition cycle. The changing trend
of Voc, Jsc, FF and η are demonstrated in Fig. 8(b), all these four
parameters showed an increase initially with the increasing ZnSe
SILAR cycles. When four SILAR cycle ZnSe passivation layer was
deposited, all the performance parameters decreased, especially
the FF and PCE dramatically decreased to 0.48 and 5.18%, Jsc and
Voc also have a noticeable decrease. This scenario can be explained
that the increased thickness of ZnSe passivation layer would in-
crease the charge transfer resistance and reduce charge re-
combination [44,59]; however, a too thick passivation layer would
instead hinder the electrons in electrolyte from entering the QDs
efficiently to get the photo-excited QDs reduced, leading to an
increase in the recombination of electron-hole pairs within the
QDs and between the electrons in TiO2 with the holes in the QDs,
eventually resulting in solar cell efficiency decrease as observed in
the case of four cycle ZnSe passivation layer applied. The solar cell
I-V result is in agreement with the UV–vis and IPCE characteriza-
tions, where the photoelectrode film with four SILAR cycle ZnSe
passivation layer gives rise to higher optical absorption but de-
creased photon-to-current conversion efficiency compared to that
with three SILAR cycle ZnSe passivation layer.
4. Conclusions

Introduction of ZnSe passivation layer to TiO2/CdS/CdSe
QDSSCs by a SILAR method has been demonstrated to be an effi-
cient and promising approach to significantly improve the power
conversion efficiency. The EDX composition mapping confirmed
the molar ratio of CdS, CdSe and ZnSe and homogeneous dis-
tribution of elemental cadmium, selenium, zinc and sulfur. The
UV–vis, EIS and IPCE investigation of the TiO2/CdS/CdSe QDSSCs
with varying numbers of ZnSe SILAR cycles showed: (a) enhanced
light absorption in both spectrum width and intensity, and
(b) significantly reduced charge recombination. The performance
of TiO2/CdS/CdSe QDSSCs is found to be dependent on the thick-
ness of ZnSe passivation layer. With three SILAR cycle deposition
of ZnSe passivation layer, the TiO2/CdS/CdSe QDSSC achieved a
highest power conversion efficiency of 6.4%, in sharp contrast to
the efficiency of 3.4% when without ZnSe passivation layer and the
efficiency of 4.9% with ZnS passivation layer.
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