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While nanocrystals in group II-IV semiconductors have been extensively studied as photosensitizers 

in quantum dot-sensitized solar cells (QDSCs), their practical use is severely hampered by the high 

toxicity of the heavy metals, like Cd, Pb, and Hg, present in these semiconductors. Our present work 

is based on a proposition to use a “green” alternative to the currently used sensitizers, namely CuInS2 

which is a low-toxic semiconductor.  However, as for many other types of QDs, surface defects limit 

also their photovoltaic performance. Therefore, in order to passivate the surface defects and improve 

the performance of CuInS2 QDs we explore in this work two strategies - ZnS shell coating and hybrid 

passivation. The results show that although ZnS shell coating can effectively passivate the surface 

defects, the electron injection from QDs to TiO2 nanoparticle is also hampered. Moreover, the size of 

CuInS2 QDs is increased after the shell coating, which also is unfavorable for the enhancement of the 

solar cells efficiency. In contrast, hybrid passivation can passivate the surface defects on the CuInS2 

QDs without size changing, and can increase the loading efficiency of the QDs simultaneously. 

Consequently, the efficiency of the solar cells is improved to 4.7%, which is a promising result for the 

green CuInS2 based QDSCs. Therefore, in addition to the most used shell coatings of CuInS2 QDs, hybrid 

passivation may be an effective way for improving their photovoltaic performance. This study 

employs two strategies “hybrid passivation and ZnS shell coating” and discuss about their effect in 

solar cell efficiency. 
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1. Introduction 

      Beside perovskites [1-2], Colloidal quantum dots (QDs) 
have attracted intensive attention in recent years, due to 
their promising applications in areas like  renewable 
energy[3-4], light emission [5], biomedical area [6]. 
Benefitting from their tunable light absorption, high 
extinction coefficient [7], potential multiple exciton 
generation (MEG), photostability low-cost materials and 
easy production [8], colloidal QDs have been employed in 
quantum dot-sensitized solar cells (QDSCs), which possess 
the maximum theoretical power conversion efficiency 

(PCE) of 44% [9-10] and have been considered as promising 
candidates for the next-generation photovoltaics [11]. 
      Different types of QDs such as type I core/shell [12-15], 
type II core/shell [16-18], alloyed [19-22] QDs have been 
widely employed as sensitizers in QD sensitized solar cells.  
Recently, solar cells based on colloidal QDs have indeed 
achieved great progress in terms of PCE. The PCE of 
depleted heterojunction cells with colloidal PbS QDs has 
reached 9.2% [23]. Zhao et al. improved the PCE of QDSCs to 
8.21% with colloidal alloyed CdSeTe QDs, which is the 
highest efficiency for QDSCs until now [24]. However, most 
of the common QDs used in QDSCs are based on heavy 
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metals, such as Pb, Cd, Hg, which are not eco-friendly and 
restrict the commercialization of the QDSCs.  CuInS2, which 
is less toxic, can be a promising alternative semiconductor 
to the Cd- and Pb-based QDs, due to their similar 
photoelectrical properties - small band gap of 1.5 eV, high 
absorption coefficient (~ 105) and good chemistry stability. 
In addition, the easy solution-processed preparation of 
CuInS2 QDs offers a cost reduction for fabrication of the 
QDSCs.  
      CuInS2-based QDs have been investigated and employed 
as sensitizers for improvement of efficiency in dye-
sensitized solar cell [25-26], perovskite solar cell [27], 
polymer-based solar cell [28] and Si-based solar cell [29]. In 
case of QDSCs, different strategies such as ZnSe- coating 
layer [30], interfacial buffer layer [31], Mn doping with CdS 
shell coating [32] has been used to enhance the efficiency of 
CuInS2-based  QDSCs.  Recently, a certified efficiency of 
6.66% was obtained with colloidal CuInS2/ZnS QDs for 
QDSCs, which is the best result for “green” QDSCs so far [33]. 
However, the photovoltaic performance of colloidal CuInS2 
QDs in QDSCs still cannot be comparable with the Cd- and 
Pb-based QDs. 
      Surface defects on the QDs, which will trap excitons and 
induce recombination of charge carriers in the device, can 
be part of the reasons that account for the low photovoltaic 
performance of CuInS2 QDs. As a compound from the 
ternary I-III-VI group, chalcopyrite CuInS2 semiconductors 
can tolerate a large range of cation and anion off-
stoichiometry, and create extensive intrinsic defects [34].    
According to a debate in the literature, there are two kinds 
of defects associated to   CuInS2 QDs - internal defects and 
surface defects [35-37]. The internal defects, usually related 
to Cu vacancies, can significantly influence the fluorescence 
peak and promote the emission intensity of CuInS2 QDs. The 
surface defects, originating from dangling bonds and 
imperfect surface atomic termination, always induce non-
radiative recombination of the excitons in the excited 
CuInS2 QDs [35-37]. Due to the abundant surface defects, the 
photoluminescence quantum yield (PLQY) of CuInS2 QDs is 
always low, and researchers tend to passivate the surface of 
CuInS2 QDs with inorganic shells, such as CdS and ZnS, to 
enhance the PLQY [38-39]. Similarly, shell coating with CdS 
or ZnS has also been reported to improve the photovoltaic 
performance of CuInS2 QDs in QDSCs. In early studies, the 
colloidal CuInS2 QDs were attached on the photoelectrodes, 
followed by coating the electrodes with a CdS layer, so 
greatly improving   the PCEs of the QDSC [40-41]. 
Subsequently  McDaniel et al used zinc oleate and cadmium 
oleate to treat the pre-synthesized CuInSeS QDs to passivate 
the surface defects, which  significantly enhanced the 
efficiency of the QDSCs, with the  efficiency reaching 5.13% 
[42]. Recently, Zhang et al applied shell coating on both 
CuInS2 QDs and CuInSe2 QDs to form CuInS2/ZnS and 
CuInSe2/ZnS core/shell QDs, and acquired “green” QDSCs 
with high efficiency, which exceeded 6% in both cases [38]. 
      Apart from shell coating, introducing atomic ligands with 
halide ions is another effective approach to passivate the 
surface of colloidal QDs. Sargent et al employed halide ion 
passivation to colloidal PbS QDs to considerably improve 
the performance of hereojunction quantum dot solar cells 
[43-44]. Our previous work established hybrid passivation, 
through combining the ligand of MPA and iodide ions to 

colloidal CdSe QDs, successfully increased the loading 
efficiency of QDs and reducing the surface defects on QDs. 
An enhanced efficiency of the QDSCs was thereby achieved 
[45]. 
      In order to find a better strategy to passivate the surface 
defects and improve the photovoltaic performance of 
CuInS2 QDs, both hybrid passivation and ZnS shell coating 
are, in this work, tested on CuInS2 QDs. Comparisons 
between these two kinds of improving strategies indicate 
that though ZnS shell coating indeed can passivate the 
surface of CuInS2 QDs and reduce the interface 
recombination in the device, it does not favor the 
performance of the resultant QDSCs. In contrast, hybrid 
passivation not only passivates the surface of the CuInS2 
QDs, but also significantly enhances the efficiency of the 
CuInS2 based QDSCs, up to 4.7%.  
  

2. Experimental  

2.1. Chemicals 

Copper iodide (CuI, ≥99.5%), zinc acetate (Zn Ff(OAc)2, 
99.99%), oleylamine (OAm, 97%), 3-mercaptopropionic 
acid (3-MPA, >99%) and tetrabutylammonium iodide 
(TBAI, 98%) were purchased from Sigma-Aldrich. Indium 
acetate (In (OAc)3, 99.99%), sulfur powder (S, 99.5%), oleic 
acid (OA, 90%) and 1-octadecene (ODE, 90%) were 
purchased from Alfa Aesar. All chemicals were used as 
received. 

2.2. Synthesis of CuInS2 QDs 

Synthesis of CuInS2 QDs was based on previously 
published procedure. Briefly, 29 mg of In(OAc)3 and 14 mg 
of CuI, 4 mL of ODE and 2 mL of OAm were mixed at 60 oC 
in a three neck flask under vacuum, and then 0.4 mL of 
sulfur precursor solution (1 M), prepared by dissolving 
sulfur powder in OAm at room temperature, was injected 
into the three necked flask after the mixture solution was 
heated to 180 oC under Ar flow. When the reaction solution 
kept at 180 oC for 20 min, the heater was removed to 
terminate the reaction. For purification, the obtained 
nanocrystals were precipitated with acetone, and then 
washed by repeating the dispersion in toluene and 
precipitation with addition of acetone.  

2.3. ZnS Shell Coating 

      For the shell coating with ZnS layer, the purified CuInS2 
QDs were dispersed in 4.0 mL ODE and 2.0 mL OAm, and 
then was heated to 100 oC before implementing the vacuum 
at 40 oC for 20 min. 0.3 mL Zn-stock solution, prepared by 
dissolving 22 mg Zn(OAc)2 in 0.08 mL OAm and 0.92 mL 
ODE at 150 oC, was then swiftly injected into the reaction 
system and kept at 100 oC for 10 min or 20 min to obtain 
different thickness of ZnS shell. These two kinds of CuInS2 
QDs with ZnS shell coating will be referred as Zn-10 QDs 
and Zn-20 QDs, respectively. After purification, the 
obtained Zn-10 and Zn-20 QDs were treated by ligand 
exchange reaction as described in below. 
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2.4. Ligand Exchange of CuInS2 QDs 

      The ligand exchange reaction was carried out for all the 
CuInS2 QDs, to make the QDs water soluble. Specifically, 
MPA ligand solution, formed by dissolving 0.3 mL MPA into 
0.7 mL methanol, with the pH of the solution adjusted to the 
value of 12 by 40% NaOH solution, was dropped into 5 mL 
CuInS2 QDs stock solution (10 mM, dispersing in toluene 
solution) under strong stirring. After stirring for 40 min, 
MPA capped QDs separated in the lower part, were 
collected and washed by water and acetone, and finally 
dispersed in deionized water for future use.  

2.5. Hybrid Passivation of CuInS2 QDs 

The hybrid passivation procedure was based on our 
previously published report [45]. For the hybrid 
passivation of CuInS2 QDs, 10 mg of TBAI was added to the 
above MPA ligand solution, and then similar ligand 
exchange reaction was conducted.  

2.6. Fabrication of CuInS2 QD-Sensitized solar cells 

FTO (Fluorine Tin Oxide) conductive glass was used as 
substrate. Two transparent and scattering layers of TiO2 
mesoporous nanoparticles made from commercial paste 
(Solaronix) were deposited on 0.25 cm2 of FTO by screen 
printing technique.  The thickness of transparent layer (Ti-
Nanoxide T/SP) and scattering layer Ti-Nanoxide R/SP) were 
estimated to be 7 and 4 μm, respectively. After TiO2 deposition, 
the photoanodes were annealed at 500°C for 30 min. 

The sintered electrodes were post-treated by aqueous TiCl4 
solution (40 mM) at 70 °C for 40 min. The QD-sensitized 
photoanode was obtained by pipetting 100 μL of CuInS2 
aqueous solution (0.017 M) onto the TiO2 electrode, and the 
solution was left for 2 h in open air followed by removing the 
excess of CuInS2 QDs by rinsing with water. This procedure was 
repeated once to increase the loading amount of QDs. After the 
deposition, the QD-sensitized TiO2 electrode was treated with 
two circles of ZnS, by immersing the photoanode into Zn(NO3)2 
aqueous solution (0.1 M) and Na2S aqueous solution (0.1 M) for 
1 min/dip alternately. 

The Cu2S counter electrodes were prepared by immersing 
polished brass foils into HCl solution (37%) at 80 °C for 10 min, 
and treated by polysulfide electrolyte solution for 10 min. The 
polysulfide solution was composed of 2 M S, 2 M Na2S and 0.2 M 
KCl in a methanol−water (v/v, 3/7) solution. The solar cell was 
constructed by assembling a QD-sensitized photoanode and a 
Cu2S counter electrode using a Surlyn film (50 μm), and then the 
polysulfide electrolyte was injected by vacuum backfilling 
through the hole preconstructed on top of the counter 
electrode. 

2.7. Characterization 

      Transition electron microscopy (TEM) (Hitachi HT7700 

microscope at 100 kV, equipped with energy-dispersive X-

ray (EDX) spectra were recorded on a JEOL JEM-2100 

microscope at 200 kV) was employed to analyze the QDs 

quality. Powder X-ray diffraction (XRD) patterns (X’Pert 

PANalytical PRO MRD using CuKα1 radiation (λ = 1.54056 

Å)) was used to investigate the crystallinity of the QDs. UV-

Vis absorption spectra (Lambda 750 UV-Vis 

spectrophotometer) and Fluorescence spectra (Ocean 

Optics with spectrometer of USB4000-UV-VIS-ES) were 

used for optical characterization (the excitation 

wavelength = 510 nm). All solution samples were 

measured in a 1 cm2 cell at room temperature. TiO2 film 

with only transparent layer on FTO glass was used for 

absorption measurement of QDs sensitized TiO2 film. 

Current-Voltage (CV) characteristics were carried out by 

applying an external potential bias to the device while 

recording the generated photocurrent with a Keithley 

model 2400 digital source meter. The light source was a 

300 W xenon lamp (Newport) calibrated with the light 

intensity to 100 mW/cm2 at an AM 1.5 G solar light 

conditions by a certified silicon solar cell (Fraunhofer ISE). 

A mask of 0.25 cm2 was used during the CV 

characterization. IPCE measurements were operated on a 

computer-controlled setup comprised of a xenon lamp 

(Spectral Products ASB-XE-175), a monochromator 

(Spectral Products CM110) and a potentiostat (EG&G PAR 

273). The setup was calibrated with a certified silicon solar 

cell (Fraunhofer ISE) prior to measurements. Impedance 

spectroscopy (IS) was investigated with an impedance 

module from Autolab PGstat12 potentiostat. 

3. Results and discussion 

3.1. Characterization of colloidal CuInS2 QDs and their 
original photovoltaic performance 

      Colloidal CuInS2 QDs were synthesized by procedure  
similar to one explained in the literature [31], which  
facilitates the CuInS2 QDs to load onto the photoanode by 
an effective linker-assisted assembly approach. The TEM 
image in Figure 1A shows that the as-synthesized CuInS2 
QDs exhibits a size range of 7.0±0.5 nm with pyramidal 
shape, arising from preferential evolution from Ostwald 
ripening of tetragonal chalcopyrite structure of CuInS2, 
which is proven by the X-ray diffraction (XRD) pattern 
given in the Supporting Information (Figure S1). 
Absorption and photoluminescence (PL) spectra of the 
obtained CuInS2 QDs are presented in Figure 1B. The 
absorption spectrum of the CuInS2 QDs presents a shoulder 
around 750 nm with a long tail extending to 850 nm. 
Such a broad absorption region makes the CuInS2 QDs 
promising sensitizers for the TiO2 electrodes in solar cells. 
Though fluorescence can be detected from the as-
synthesized QDs, the PL quantum yield (QY) is quite low, 
almost zero. Low PL density of the obtained CuInS2 QDs 
indicates the existence of numerous surface defects on the 
CuInS2 QDs, which will jeopardize the photovoltaic 
performance of the colloidal CuInS2 QDs in solar cells. The 
CuInS2 QDs were ligand exchanged by MPA after the 
synthesis procedure, to make the QDs water soluble and 
more efficiently attachable to the TiO2 film electrode 
through the bifunctional molecule MPA [44]. Figure 1C 
shows the photovoltaic performance of the CuInS2 QDs 
when they were employed in the QDSCs as sensitizers, with 
Cu2S counter electrode and polysulfide electrolyte. With 
the broad absorbance of the obtained CuInS2 QDs and the 
effective linker-assisted deposition, the photocurrent (Jsc) 
of the device reached as much as 12.67 mA/cm2, with the 
open-circuit voltage (Voc) of 0.535 V and the fill factor (FF) 
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of 0.544, which made the overall power conversion 
efficiency (PCE) to amount to 3.7%.  
      The efficiency obtained by our colloidal CuInS2 QDs is 
higher than most of other QDSCs based on only CuInS2 QDs 
which are prepared from the successive ionic layer 
adsorption and reaction (SILAR) and chemical bath 
deposition (CBD) methods, however, the obtained CuInS2 
QDs still cannot compete with colloidal Pb based and Cd 
based QDs in the third generation solar cells. One reason 
for this maybe the high density surface defects on the 
CuInS2 QDs, which can cause serious charge carriers 
recombination in the devices and degrade the performance 
of the solar cells. As proven by the weak fluorescence of the 
CuInS2 QDs, surface defects are a major problem. In this 
work, we explore two different approaches to reduce the 
surface defects – ZnS shell coating and hybrid passivation.  
Comparison of these two methods will be discussed.       
      ZnS shell coating of the CuInS2 QDs was realized via a 
cation exchange route. In order to get different thickness of 

the ZnS shell, reaction times of 10 min and 20 min were 
considered, and the resulting CuInS2/ZnS QDs will be 
denoted as Zn-10 and Zn-20, respectively. As shown in 
Figure 2, the signal of Zn in energy-dispersive X-ray (EDX) 
spectra of Zn-20 can be clearly detected, while it is not 
obvious for Zn-10. In EDX spectra, the Zn peak is 
overlapped with Cu peak, which arose from the copper grid 
used in the measurement, therefore, the Zn peak will be 
merged by Cu peak when the content of Zn is low. 
Inductively coupled plasma atomic emission spectroscopy 
(ICP-AES) also shows that the Zn content in Zn-10 is lower 
than that in Zn-20, which is caused by shorter reaction 
time, and that the Zn content in both of the samples are 
lower than 20%. Hybrid passivation by MPA and iodide 
ions was carried out to the as-synthesized CuInS2 QDs 
through ligand exchange reaction, following our previous 
report [43]. The appearance of I signal, together with S 
peak in the spectrum demonstrate that the CuInS2 QDs 
were successfully hybrid passivated. 

 

 
Fig. 1. TEM image (A), absorbance and fluorescence spectra (B) of the as-synthesized CuInS2 QDs. (C) J-V curve of the colloidal CuInS2 based QDSC. 

 

 
Fig. 2. EDS spectra of CuInS2 QDs with different passivation. All of the samples were measured after ligand exchange reaction. 

3.2. Fluorescence 

      Fig. 3 shows the fluorescence spectra of the CuInS2 QDs 
with ZnS shell coating before ligand exchange with MPA. 
Similar to earlier works, the overcoating of ZnS resulted in 
a significant improvement of the PL intensity, and with 
prolongation of the reaction time, the fluorescence 
intensity became higher. Numerous studies have 
demonstrated that shell coating could minimize the fast, 
non-radiative decay in the excited CuInS2 QDs due to role of 
ZnS as barrier, which are associated with the surface state, 
therefore longer PL lifetime and higher PL intensity could 
be obtained in core/shell CuInS2/ZnS QDs. In other words, 
through the intensified emission, we believe that the 

surface defects on the CuInS2 QDs were suppressed by ZnS 
shell coating, and that a thicker ZnS shell layer is more 
effective in the elimination of surface defects. In addition, 
the growth of ZnS shell leads to a blue shift of the PL peak, 
which may indicate the core material was etched to some 
extent under shell growth [38] or it could be ascribed to a 
partial alloying of CuInS2 QDs with wide band gap ZnS layer 
[33]. Due to the hole extracting effect of the thiol group in 
MPA, the fluorescence was hardly detected in the hybrid 
passivated CuInS2 QDs. No obvious change in absorption of 
CuLnS2 was observed for the two strategies of ZnS shell 
coating and hybrid passivation. 
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Fig. 3. Fluorescence spectra of CuInS2 QDs solution and CuInS2 QDs 
with ZnS shell coating solution. 

3.3. Loading efficiency 

The loading amount of the QDs on the photoanode plays 
an essential role for the performance of QDSCs, as it directly 
decides the photocurrent of the solar cells through light 
harvesting and indirectly influences the interfacial 
recombination in the devices. The work of McDaniel et al. 
shows high QDSC performance as they may benefit from 
the high surface coverage of the colloidal QDs on the 
photoanodes [42].  Therefore, the loading efficiency of the 
QDs is an important factor when we consider the 
photovoltaic performance of colloidal QDs. In our work, all 
types of CuInS2 QDs have undergone ligand exchange 
reactions to make the QDs water soluble. The ligand MPA 
of these hydrophilic QDs promotes their tethering onto the 
TiO2 nanoparticles. The same amount of aqueous solution 
of the CuInS2 QDs with the same concentration was 
pipetted on the TiO2 film electrodes in order to fabricate the 
sensitized photoanodes.  
      To evaluate the loading efficiency of the QDs, the 
absorbance of the sensitized TiO2 films without any 
scattering layer was measured. As shown in Figure 4, 
compared to pristine CuInS2 QDs, hybrid passivation 
slightly increases the absorbance of the sensitized TiO2 
films, which is similar to the previous result, while ZnS shell 
coating made the absorbance of the sensitized TiO2 films 
lower. 
      Normally, deposition of colloidal QDs on TiO2 film 
electrodes can be influenced by the size, shape, and type of 
surface ligands of the QDs, as well as by the solvent 
surrounding the QDs. Through TEM images of different 
kinds of CuInS2 QDs one can find that the hybrid passivated 
CuInS2 QDs keep a similar size as the plain CuInS2 QDs 
(around 7 nm), while ZnS shell coating makes the QDs size 
increase. Here the size of Zn-10 was around 8 nm and Zn-
20 showed even bigger size (almost 8.5 nm). Hence, the 
lower loading efficiency of the shell coated CuInS2 QDs can 
be explained by the larger size of the QDs because it is then 
difficult for the QDs to penetrate into the mesoporous oxide 
film. On the other hand, the enhancement in loading 
efficiency for the hybrid passivated CuInS2 QDs should not 
origin from the similar size of the QDs, but is probably 
related to the surface ligand of the QDs. Due to the small 
size of the iodide ions, the ligand exchange in hybrid 
passivation is more thorough than that with just MPA, and 

can remove the original capping ligand OAm more 
completely. Therefore, hybrid passivation is more 
beneficial for the CuInS2 QDs to be deposited on TiO2 film 
electrodes. 

 
Fig. 4. (A) UV-Vis absorption spectra of sensitized TiO2 electrodes 
based on CuInS2 QDs with different passivation, and the corresponding 
photographs are inserted. TEM images of CuInS2 QDs with hybrid 
passivation (B), CuInS2 QDs with ZnS shell coating for 10 min (C), and 
CuInS2 QDs with ZnS shell coating for 20 min (D). 

 

3.4.  IPCE and APCE      

      Subsequently the four types CuInS2 QDs were employed 
in a typical QDSCs configuration, in which the Cu2S counter 
electrodes and polysulfide electrolyte was used. The 
incident photon-to-carrier efficiency (IPCE) of solar cells, 
which also is known as the external quantum efficiency 
(EQE), is commonly used to describe how efficiently the 
incoming incident photons are converted to electrons, and 
provides a helpful measure to quantify sensitizers in 
QDSCs. In order to get information on the quantum 
efficiency of the QDs, the IPCE of the solar cells based on 
different CuInS2 QDs are plotted in Figure 5A. The 
corresponding absorbed photon-to-electron conversion 
efficiency (APCE), which excludes the effect of different 
absorbance of the photoanodes due to the varied loading 
efficiency of the different CuInS2 QDs, is calculated and 
shown in Figure 5B. 
      Compared to the original CuInS2 QDs, the solar cells 
based on hybrid passivated CuInS2 QDs shows both 
significantly improved IPCE and APCE values over the 
whole responsive region, indicating that hybrid passivation 
of the CuInS2 QDs enhances the electron transfer efficiency 
in the solar cells (including both quantum yield of charge 
injection, ϕinj, and collection efficiency at the back contact, 
ηcc). This can be attributed to reduced surface traps on 
CuInS2 QDs after hybrid passivation, in which iodide ions 
can remedy the surface defects at the CuInS2 QDs. In 
contrast, the IPCE values of the solar cells based on ZnS 
shell coated CuInS2 QDs show a large decrease, and through 
APCE spectra we found that part of the diminution was 
induced by the lower loading amount of ZnS shell coated 
CuInS2 QDs on the TiO2 film electrodes. However, the ZnS 
shell coating still cannot improve the APCE values of the 
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solar cells, and the sample with Zn-10 even exhibited lower 
APCE than the pristine CuInS2 QDs. To the best of our 
knowledge, ZnS shell coating has a bifacial effect on CuInS2 
QDs. On the one hand, ZnS shell coating can significantly 
suppress the surface defects on the CuInS2 QDs, and reduce 
the recombination of the charge carriers in the devices. On 
the other hand, a ZnS shell will create an electron injection 
barrier between the CuInS2 QDs and the TiO2 nanoparticles 
due to the higher conduction band of ZnS [31]. Some work 
also indicates that a ZnS shell will decrease the electron 
transfer (ET) rate, but only slightly reduce the ET efficiency 
[47]. 
      Current density-voltage (J-V) characterization was 
carried out under the illumination of AM 1.5 G solar 
simulated light (100 mW.cm-2) to evaluate the overall 
photovoltaic performance of the solar cells based on the 
different kinds of CuInS2 QDs. Two batches (three parallel 
cells in each batch) of each kind of CuInS2 QD based QDSCs 
were fabricated for the measurement. J-V curves from the 
characterization are plotted in Figure 6, and the 
corresponding PCE, Jsc, Voc and FF values are summarized in 
Figure 7.  
      Among the four types of CuInS2 QDs, the QDSCs based on 
hybrid passivated CuInS2 QDs exhibit the highest PCE - a 
value of 4.7%. Through the comparison we find that the 
performance improvement of the hybrid passivated CuInS2 
QDs based solar cells mainly origins from the enhancement 
of Jsc and Voc of the devices, which amounts to 15.34 
mA/cm2 and 0.560 V, respectively. The increment of Jsc can 
be attributed to two advantages of hybrid passivation of 
CuInS2 QDs—the improved loading efficiency of the QDs 

after hybrid passivation, which can increase the light 
harvesting of the devices; and the promoted quantum 
efficiency of the QDs, which can enhance the electron 
injection and collection in the solar cells. The enhancement 
of Voc should benefit from the suppressed recombination of 
charge carriers at the interfaces in the devices, which may 
be referred to reduced surface defects of the hybrid 
passivated CuInS2 QDs. In contrast, ZnS shell coating makes 
the PCE of the corresponding solar cells lower than that 
based on pristine CuInS2 QDs (3.3% and 2.9% for Zn-10 and 
Zn-20, respectively). The decrease of the performance can 
mainly be ascribed to the inefficient loading of Zn-10 and 
Zn-20, leading to a lower photocurrent and a reduced 
photovoltage. However, the fill factor values of the solar 
cells based on the coated CuInS2 QDs show improvement 
over the solar cells based on pristine and hybrid passivated 
CuInS2 QDs, and a thicker ZnS shell (for Zn-20) has an even 
higher fill factor value. The fill factor is believed to be 
influenced by recombination in the devices, and together 
with the enhanced emission intensity, it demonstrates that 
ZnS shell coating can indeed eliminate surface traps on the 
CuInS2 QDs. It follows that a thicker ZnS shell coating has a 
better effect in this respect.  Benefitting from the more 
suppressed recombination, solar cells based on Zn-20 show 
higher Voc than that based on Zn-10, though a lower Jsc was 
obtained by the Zn-20 based solar cells. 
 
 
 
 

 
 

 
Fig. 5. Incident photon to carrier efficiency (IPCE) and Absorbed photon-to-electron conversion efficiency (APCE) curves of QDSCs based on CuInS2 
QDs with different passivation.  
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Fig. 6. J-V curves of QDSCs based on CuInS2 QDs with different passivation. 

 
 

 

Fig. 7. Photovoltaic parameters (PCE, Jsc, Voc and FF) from J-V characterization of QDSCs based on CuInS2 QDs with different passivation. 

3.5. Impedance spectroscopy 

      In order to further understand the effects of the 
passivation strategies on CuInS2 QDs, characterization 
using impedance spectroscopy (IS) was performed to 
unveil the recombination resistance in the corresponding 
solar cells. As illustrated in Figure 8, the solar cells based 
on the original CuInS2 QDs without any passivation 
presented the smallest recombination resistance, 
indicating that charge recombination can easily occur in the 
devices. Hybrid passivation to the CuInS2 QDs made the 
recombination resistance in the devices significantly 
larger, demonstrating that iodide ions in the hybrid 
passivation treatment can indeed remedy the surface 
defects on the CuInS2 QDs and suppress the recombination 
at their surfaces. ZnS shell coating further increased the 
recombination resistance in the solar cells, and Zn-20 
showed a better effect than Zn-10, which indicates that the 
ZnS shell coating can eliminate the surface defects on 
CuInS2 QDs to a large extent, and that the recombination in 
the devices can be better suppressed. We thus find that ZnS 
shell coating is a more effective surface passivation 
strategy than hybrid passivation, and that the surface 

defects on CuInS2 QDs can be better reduced by ZnS shell 
coating. 

Based on our findings in this work, it is worth 
mentioning that hybrid passivation could increase the solar 
cell efficiency much better than ZnS shell coating. 

 
Fig. 8. Nyquist plots from IS measurement of QDSCs based on CuInS2 
QDs with different passivation under dark conditions at -0.55 V.  
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4. Conclusion 

Motivated by the need to find “green” alternatives for 
quantum dot sensitized solar cells (QDSCs), we have in this 
work employed ZnS shell coating and hybrid passivation to 
improve the photovoltaic performance of CuInS2 QDs. 
Hybrid passivation can increase the loading efficiency of 
QDs on TiO2 film electrode, promote the electron injection 
and collection in the devices, and thus improve the 
photovoltaic performance of CuInS2 QDs in the QDSCs. 
Though ZnS shell coating of the CuInS2 QDs lower the 
deposition amount of the QDs and hinders the electron 
injection from the QDs to the TiO2 nanoparticles, it can 
effectively eliminate the surface defects at the CuInS2 QDs. 
For light emission, our results show that not only ZnS shell 
coating is a good way to improve the performance for 
CuInS2 QDs in QDSCs but also that hybrid passivation can 
be served as a viable way to reach that goal. 
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