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Copper indium disulphide CulnS, (CIS) is found to be an interesting nanomaterial belong to
group I-111-V for quantum dot solar cell (QDSCs) application due to low toxicity, multiple
exciton generation effect, high light absorption in the visible spectral range, appropriate band
gap that coordinate well with the solar spectrum, unusual radiation tolerance, noticeable defect
tolerance and low cost. Properties of this material that makes it important for use in quantum
dot solar cell is also discussed in this paper. This paper summarizes the research going on in
the field of synthesis of CulnS, nanomaterials reported by different authors across the globe.
Optical and photovoltaic properties of reviewed CIS QDSCs is also highlighted in this paper.

1. Introduction

Energy demand is continuously rising due to rapid growth
of population. Energy supplied fulfil by conventional
sources like fossil fuels are restricted and consumed
rapidly. This situation forces us to search for other source
of energy that are non- exhaustible. There are many types
of non- exhaustible sources of energy like wind energy,
solar energy, hydro energy, geothermal energy etc. Out of
all these energy sources solar energy has come out as
promising energy source. Solar cell which uses
photovoltaic technology is found to be one of the ways by
which solar energy can be converted to electrical energy.
Initially this technology is mainly based on the material
silicon but due to its high cost, researchers across the globe
are vigorously working to produce different types of solar
cells in particular dye sensitized solar cells and quantum
dot solar cells (QDSCs) that have low fabrication cost and
have capacity to achieve high efficiency. Semiconductor
nanomaterials (CdS & CdSe) have been extensively used
as active sensitizers in quantum dot-sensitized solar cells

* Corresponding author. Tel.: 8084052728
E-mail address: nitya.garg@sbu.ac.in
Peer review under responsibility of University of El Oued.

(QDSCs) as shown in Figure 1. This type of solar cell has
acquired great research attention over the last few years
due to unique features such as size dependent tunable
energy band gap (quantum confinement effect) and
multiple exciton generation effect. Theoretically QDSCs
has an efficiency of greater than 44% but it is difficult to
achieve it practically [1]. Till today, practically QDSCs
have attained a power conversion efficiency of 18.1% [2].
However, majority of the reported QDSCs are using
cadmium or lead compounds as sensitizer which is toxic
material [3]. To bring QDSCs in commercial scale an
affordable, stable and nonhazardous material is needed to
produce solar cell modules. Nonpoisonous quantum dots
(QDs) sensitizers are generally without lead and cadmium
materials called as “eco-friendly” sensitizers.
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Fig 1.CIS quantum dot-sensitized solar cell

It has been established that the CulnS, (CIS) is an
outstanding light absorbing materials because of its large
absorption coefficient, has a bandgap of about
1.45~1.53eV [4], which matches with energy conversion
range of the  solar  spectrum,  size-tunable
photoluminescence in the range 640nm to 850nm and
possesses excellent defect tolerance [5]. In recent years,
use of CIS QDs as sensitizers for fabrication of QDSCs has
become popular because the Bohr exciton radius of this
material is around 4.1 nm, and the quantum confinement
can be seen until it attains 8 nm in diameter [6]. The
objective of the present study is to highlight CulnS, a
promising nano material for quantum dot solar cell due to
its exceptional properties and to review the technologies,
photovoltaic properties that has been used for application
in QDSCs.

Typically, QDSCs is made up of three parts: Photoanode, a
counter electrode and an electrolyte with redox couples.
Photoanode is made from semiconducting nanostructured
metal oxides (TiO, ZnO, SnO, etc) material painted on the
surface of transparent conductive oxide (TCO) substrates
mainly fluorine tin oxide (FTO) or indium tin oxide (ITO).
Coated TCO is further sensitized with quantum dots (CdS,
CdSe, CdTe, PbS, CIS) which forms photoanode of the
QDSCs [7-8]. The counter electrode used mainly is
platinum or Cu,S coated FTO/ITO glass substrate [9] and
working electrode is sulphide-polysulfide and iodide-
triiodide [10].

As per the available data, reported values of efficiency of
CIS QDSCs are in the range between 0.1 and 5% [11].
Differences in QDSCs efficiency occur because of the type
of used electrolyte, counter electrode and the technique
used to incorporate the sensitizer. In one of the studies,
Photovoltaic conversion efficiency (PCE) reported utilizing

CIS QDs doped with CdS is 1.42 % [12]. In Another study,
reported PCE is 5.38 % using CIS QDs followed by
subsequent layer of CdS doped with Mn** ions [13].

Presently, CIS QDs are not utilized in display device
applications but employ as colour transform materials for
manufacturing white LEDs and standard light source
device due to broad full width half maximum (FWHM) and
high emission intensity. This material is found to be very
promising for applications in luminescent solar
concentrators, QDs sensitized solar cells and solar
photocatalytic applications [14]. CIS QDs are also used in
biomedical applications for biological cell imaging [15]
and as fluorescent probes to observe Dbiological
macromolecules in organisms & to detect heavy metal ions
in aqueous solution. Recently, a particular class of solar
cells that is acquiring recognition in the research group is
perovskite solar cells because of large absorption
coefficient in the visible region of solar spectrum and high
efficiency [16-18]. Copper indium disulphide material also
used in printed perovskite solar cells (PSCs) as an
inorganic hole transport layer with achieved efficiency
9.9% [19]. However, with the use of copolymer-templated
TiO,, PSCs solar cell attain maximum efficiency 11.08%
[20].

In quantum dot solar cell, CIS in quantum dot (QDs) form
is usually preferred than polycrystalline thin films form as
QDs can provide more structured charge partition by acting
as sensitizers for large bandgap semiconductors such as
TiO, in solar cell. The techniques used for nanoparticle
synthesis can be divided into two class: molecular source
decomposition  (thermolysis, microwave irradiation,
photolysis) and solution synthesis (hydrothermal and
solvothermal).  In  general, molecular  precursor
decomposition build CIS quantum dots, while solution
synthesis generates nanoparticles of sizes more than the
guantization effect limit. The performance of QDSCs
greatly depend upon the properties of used QDs which in
turn depend upon synthesis technique used for their
preparation. The key parameters that govern the
applicability of prepared QDs is to precisely control the
nucleation, the partition of photogenerated charges,
followed by their move across the QD boundary.
Molecular source decomposition method is direct but
suffer from limitations such as sensitive to atmosphere,
requirement of costly starting materials and involvement of
bulky precursor synthesis steps. It has been reported CIS
QDs prepared by solution method show poor optical
properties, low quantum yield which can be enhance by
passivating the surface with distinct ligands.
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Looking to this aspect, in this review, we discuss the
synthesis techniques that has been used to increase its
photoluminescence  quantum  vyield (PLQY) and
photostability of CIS nanomaterial.

2. Review of methodologies used for synthesis of
CulnS,; nanomaterials

Many researchers across the globe are working to improve
the performance of QDSCs using different QD sensitizing
layer such as CdS, CdSe, PbS, CdTe etc. However, large
toxicity associated with the use of Cd, Pd elements
restricted the development of QDSC for large-scale
application. Many Cd or Pb free quantum dots includes
binary  semiconductor  (InP, In,S;) and ternary
semiconductor (CulnS,, CulnSe,, CulnTe;). Review of
literature suggested that little work has been done to
increase the performance of solar cell using CulnS; or core
shell CulnS, QDs as sensitizing layer which is economical
and non-toxic. QD layer is laid down on semiconductor
coated electrode by in-situ or ex-situ techniques. Chemical
bath deposition (CBD) and successive ionic layer
adsorption and reaction (SILAR) are in-situ techniques
[21]. In ex-situ methods, QDs are synthesized individually
and further placed into semiconductor coated plate by
molecular linker attachment, direct absorption and
electrophoresis techniques [22]. Investigation of literature
shows that many papers are published on synthesis of thin-
film CulnS, but relatively less work has been done on the
synthesis of colloidal CulnS, QDs as controlling defects
and increasing crystallinity is difficult during QDs
synthesis which is important for luminescence and
photovoltaic applications.

Review of literature suggested that various approaches
(organic and aqueous) have been used for CulnS, QDs
formation. Methods in organic channel are thermal
injection methods, one-pot methods, and template methods
[14]. It has been reported that in organic method, solvents
which lack affinity for water like 1-dodecanethiol,
oleylamine (OLA) etc. were utilized to limit the cations
reactivity (Cu and In) [23-24]. In thermal injection
technique, nucleation occurs rapidly when cold solution
was introduced into the hot solution of anionic and cationic
precursors. This technique provides well command of the
nucleation and ensure formation of monodisperse QDs
[25]. In one-pot non-injection technique, precursor solution
was amalgamated with organic solvent in presence of 1-
Dodecanethiol (DDT function as both ligand and sulfur
source) and heated above 220°C [26]. QDs having good
crystallinity of narrower size distribution and having strong
PL characteristics in the near-infrared region were obtained

through template technique. In this method first binary
sulfide nanocrystals is synthesized and then CIS
nanomaterial procure through the method of cationic
exchange reaction [27]. Organic methods relatively require
high reaction temperature and produce hydrophobic CIS
QDs dissolved in non-polar solvent only. Several
approaches have been reported for converting hydrophobic
QDs into the water loving phase which are respectively,
ligand exchange, coating in lipids, encapsulation with
amphiphilic polymers (amphipols), and silanization. These
approaches are usually complex and produced material
having poor emission characteristics, low water solubility
and bad colloidal stability [28]. So, single step preparation
of water-soluble QDs is preferred in the past several years.
Synthesis using aqueous solution require the use of water-
soluble capping agents like L-glutathione (GSH), 3-
mercaptopropionic acid (MPA), L-cysteine, thiomalic acid
and thioglycerol to control the reactivity of copper ion and
indium ion. For the core synthesis of CIS QDs, more
reactive sodium sulfide (Na,S) and for the core shell
synthesis of CIS QDs, less reactive thiourea was employed
as a sulfur source in aqueous solution method.

The influence of stabilizing ligand on the structure and
characteristics of CulnS, nanocrystal was investigated
through a method in which copper acetate (CuAc), indium
acetate In(Ac); and dodecanethiol (DDT) was heated in
presence of non-coordinating solvent octadecene (ODE)
[29]. In another development, Cul in place of CuAc, DDT
as a sulfur source and oleic acid were used to lower the
reactivity of thioligand (RSH) and indium ions. This
method fabricates pyramidal shape nanomaterials having
PL emission peak between 550nm and 820nm [30].
Further, method of cationic exchange was used to
synthesize several CIS QDs from Cu,_,S seeds having PL
emission position at 870 nm but suffer from low
photoluminescence quantum yield [31]. In place of DDT,
amine surfactants hexadecylamine (HDA) and OLA were
also employed to stabilize the CIS QDs [32]. Review
highlight that, in the technique of hot injection, use
of CuCl,, InCl; and NaS,CNEt, as precursors and OLA as
capping agent produces zinc blende and wurtzite CIS [33].
It has also been suggested that the solvothermal technique
is used to synthesized CIS nanomaterial having
chalcopyrite structure by establishing a copper thiourea
complex in the presence of octadecylamine [34]. The
review of literature demonstrated the synthesis of narrow
size distribution of luminescent CIS/ZnS core/shell
nanocrystals from copper iodide, indium acetate, zinc
stearate, and dodecanethiol in octadecene solvent having
photoluminescence peak in the span of 550 nm-815 nm and
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fluorescence quantum yield of 60% [35].

In another work, a direct hydrothermal technique has been
suggested for the preparation of CIS QDs utilizing
mercaptopropionic acid (MPA) as a ligand at temperature
of 150°C. However, ligands used in aqueous synthesis had
low complex stability towards In®** leads to phase
separation [36]. Few studies also suggested use of
secondary ligand carrying multicarboxylate group (e.g.,
sodium citrate) to command the reactivity of the In®".
Preparation of CIS QDs by employing binary capping
agent, GSH and sodium citrate was shown at temperature
of 95°C. It has been reported that use of highly-reactive
Na,S source at low temperature sometimes result in rapid
nucleation which lead to introduction of more defects in
the core and hence decrease the quantum yield (QY) [37].
As reported, this problem can be minimized by effectively
passivating the core with a ZnS shell [38]. Methodologies
for aqueous synthesis of CIS/ZnS core/shell QDs are facile
but result in low QY (2-5%) [39]. In another study, a green
route using autoclave has been found to be effective for the
preparation of CIS QDs having 14% QY at temperature of
100°C and reaction time of 8h. This technique was found
be unpleasant due to the application of short-chain thiols as
it hydrolyze/pyrolyze to a certain degree and the rate of
release of sulfur was effectively small when temperature is
very high [40]. In another work, a simple technique that
combine hydrothermal and successive ion layer adsorption
and reaction has been suggested for the preparation of
tetragonal chalcopyrite structure of CIS QDs utilizing
MPA as a ligand at atmospheric pressure. It has been
reported that growth of ZnS shell over CIS QDs increases
the PLQY from 6.95% to 17.19% [41]. In one of the
reports, work has been done on the synthesis of CulnS,—
ZnO nanocomposites by two integrated methods,
solvothermal  and  chemical  precipitation.  The
photocatalytic activity was studied due to different ZnO
content on CulnS,. This study suggests that CulnS,—ZnO
nanocomposites was found to be satisfactory for
application in water depollution by photocatalysis as
photodegradation rate for RhB discharge by CulnS,-ZnO
nanoparticles become greater with the incorporation of
ZnO nanoparticles [42].

At national level, very little work has been reported on CIS
nanomaterials. The review of literature suggested that the
hydrothermal synthesis of tetragonal chalcopyrite CIS
nano-cubes using copper chloride, indium, sulfur and

deionized water at 180 °C for 20 h [43]. In another study,
the deposition of CIS thin films has been demonstrated
using chemical bath deposition technique employing cupric
chloride, indium chloride as an anionic precursor, thiourea
as a cationic precursor and triethanolamine (TEA) as a
complexing agent in the reaction. The influence of
deposition temperature and deposition time on the physical
characteristics of CIS thin films were studied. The films
deposited at 40°C was noted to be a single-phase and well
adherent to the substrate [44]. Few work outline deposition
of n-type CuInS, (CIS) thin film on indium-tin-oxide glass
substrates by alkaline solution growth technique. In this
technique, thin film was deposited from a solution
containing copper sulphate, ammonia solution, indium
chloride, citric acid solution and thiourea (NH;),CS in
deionized water at pH value 11. Addition of
triethanolamine in the solution gives more uniformity of
film. It was reported film prepared at 40°C contains
nanorods of diameter of the order of ~20-38 nm and
length of the order of ~ 200-250 nm which display blue
shift in optical spectra [45].

3. Optical & Photovoltaic properties of CIS QDSCs

In one of studies, work has been done to study the
photovoltaic performance and optical properties of
different sizes of pyramidal shaped CulnS, QDs capped
with 1-dodecanethiol (diameter between 2.9 nm and 5.3
nm). Fig. 2(a) & 2(b) shows absorption and emission
spectra for different sizes of CulnS, QDs in toluene.
Absorption spectra display absence of well-defined
excitonic peaks but shows presence of broad characteristic
shoulder because of the dominance of internal and surface
defects. The photoluminescence (PL) spectra exhibit broad
emission in the visible and near IR. The PL emission peak
broadens and shifted to the red wavelength side with
increasing CulnS, QDs size. The large stoke shift shows
absence of band edge emission and existence of defect
induced emission. Fig. 2(c) shows J-V characteristics of the
QDSCs for the various sizes of CulnS, QDs under the
irradiation condition of AM 1.5 on an area of 0.20 cm®.
The highest photovoltaic characteristics was reported for
39 nm and 4.3 nm CulnS, with power conversion
efficiency, PCE of 2.16 and 2.51 %, respectively. The drop
in PCE is described for larger QDs having diameter 5.3 nm
credited to reduction in charge separation following
bandgap excitation [46].
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Fig 2. (a) & 2(b) Absorption spectra and emission spectra of various sizes of CulnS, QDs in toluene under 450nm excitation
(c) J-V characteristics of QDSCs manufactured with CulnS, QDs of different sizes under the illumination condition of AM 1.5 [46]

In another study, work has been done to increase the
photovoltaic conversion efficiency from 4.04% to 4.68% in
TiO,/CulnS, QDSCs by modulating the interface
connection of the solar cells with different heating
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temperature and heating time. Fig. 3(a) & (b) depicts J-V
curves of TiO,/CulnS, QDSCs with different heating
temperature & heating time. Excellent charge separation
and charge transfer properties has been investigated under
heating treatment at 300°C for 5 min due to good quality of
interface connection between CulnS, QDs and TiO, films
[47].
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Fig 3. J-V curves TiO,/CulnS, QDSCs with different (a) heating temperature (b) heating time [47]

In one of the works, reported efficiency of solar cells
sensitized with CIS nanoparticles (NPs) is 0.1203%. In this
work, CIS NPs of average size 38.9 nm were synthesized
by biomimetic technique using copper sulphate and indium
chloride as precursor salts and biological molecule
glutathione (40 mM GSH) as sulfur donor at low
temperatures and at atmospheric pressure [48].

In one of the reports, QDSCs sensitized with core—shell
CIS-CdS QDs shown an efficiency of 4.69% under the
illumination condition of AM 1.5 and 100 mW cm?.

However, on doping CdS with Mn, CIS-MnCdS QDSCs
shown an increase efficiency of 5.38% as illustrated in Fig.
4(b) depicting J-V characteristics of QDSCs solar cells
sensitized with different QDs. Fig. 4(a) shows absorption
spectra of TiO, photoanodes sensitized with different QDs.
From the Fig. 4(a), it can be clearly seen that absorption
edge of CIS QDs is blue-shifted due to significant quantum
confinement effects. With Mn-CdS coating on the CIS
QDs, absorption of light was greatly enhanced in the
visible light region and absorption edge shows a significant
red shift indicating a promising sensitizer for QDSCs [49].
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[49]

Early studies suggest that CulnS, QDSCs containing quasi-
spherical particles of diameter about 2.5 + 0.5 nm were
synthesized by the combined ex-situ/in-situ technique
possess a PCE of 1.84% under the illumination conditions
of AM 1.5 and 100 mWcm 2 which is more than the PCE
of QDSCs containing water-soluble QDs prepared by
conventional one-pot protocol. In this case QDSCs consists
of TiO, photoanode containing CulnS, QDs synthesized by
ex-situ  method through a two-step ligand-exchange
method. Prepared CulnS,-QDs based TiO, electrodes was
further deposited with CulnS, QDs synthesized by in-situ
method through the repeated SILAR cycles followed by
ZnS passivation layer. Prepared ex-situ CulnS, QDs were
encapsulated by oleic acid (OA) ligands form OA(CulnS,)
QDs. MPA(CulnS,) QDs formed when OA(CulnS,) QDs
were mixed with bifunctional molecular linker,
mercaptopropionic acid MPA. Water-soluble QDs
synthesized by conventional one-pot method were denoted

('n-e) Ausuaiuj 14
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as CIS@MPA QDs.

Fig. 5(a) depicts absorbance and emission spectra of
OA(CulnS,) QDs, MPA(CuInS,) QDs & CIS@MPA QDs.
From the figure, it can be clearly seen, wavelength of the
highest photoluminescence (PL) emission location for the
CIS@MPA QDs is around 602 nm. Shape of PL peak of
OA(CulnS,) and MPA(CulnS;) QDs did not change, but
shows a red shift (10 nm) in the PL peak position. Fig. 5(b)
shows the photovoltaic characteristics of the CulnS,-based
QDSCs under the irradiation condition of AM 1.5G and
100 mWem % Fig. 5(b) shows MPA(CulnS,)-based
QDSCs lead to a PCE of 0.64% which is more than
OA(CulnS,) and CIS@MPA based QDSCs. After the in-
situ growth of CulnS, QDs on the TiO, surface,
MPA(CulnS,)/CulnS,-based QDSCs obtained after five
SILAR cycles shows a maximum PCE of 1.84% higher
than the PCE manifested by CulnS, QDSCs synthesized by
either ex-situ for and in-situ technique respectively [50].
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Fig 5. (a) Absorption and Photoluminescece spectra under excitation of wavelength 430nm of OA(CulnS,) (blue lines), MPA(CulnS,) (red lines) &
CIS@MPA (purple lines) QDs (b) J-V characteristic curves of OA(CulnS;) QDSCs, MPA(CulnS;) QDSCs & CIS@MPA QDSCs [50].
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4, Conclusion

The present review highlights that Copper indium
disulphide CulnS, (CIS) is an attractive nanomaterial for
quantum dot solar cell. Properties of CIS nanomaterials are
found to be interesting for solar energy conversion. It has
been reported that in quantum dot solar cell, CIS in particle
form having diameter in the range of 1nm-10nm is usually
preferred than in polycrystalline thin films form. Synthesis
of CIS quantum dots has been reported by two methods
organic method and water-soluble method. However,
organic method does produces quantum dot that has better
crystallinity, better control of shape and size, better
photoluminescence properties but suffer from challenges of
synthesizing at room temperature, complex synthesis steps
and not found to be useful in biological applications.
Water-soluble method produces nanomaterials suffer from

poor optical properties, difficult to control size but found to
be useful in biological applications. Photovoltaic properties
of CIS QDSCs depend on the size of used QDs, heating
temperature and heating time during synthesis of CIS QDs,
type of doping, and the technique used for the synthesis of
CIS QDs. Combination of ex-situ & in-situ method shows
better PCE than either ex-situ or in-situ method.

Acknowledgements

Author is thankful to Sarala Birla University, Ranchi for
providing infrastructural facility.

Conflict of Interest

The author declare that they have no known competing
financial interests or personal relationships that could have

appeared to influence the review reported in this paper.

References

Hanna MC, Nozik AJ. Solar conversion efficiency of photovoltaic and photoelectrolysis cells with carrier multiplication
absorbers. Journal of Applied Physics. 2006;100(7).

2. NREL, Best Research-Cell Efficiency Chart, National Renewable Energy Laboratory, 2022. https://www.nrel.gov/pv/cell-
efficiency.html.

3. Ye M, Gao X, Hong X, Liu Q, He C, Liu X, Lin C. Recent advances in quantum dot-sensitized solar cells: insights into
photoanodes, sensitizers, electrolytes and counter electrodes. Sustainable Energy & Fuels. 2017;1(6):1217-1231.

4.  Braunger D, Hariskos D, Walter T, Schock HW. An 11.4% efficient polycrystalline thin film solar cell based on CulnS2 with a
Cd-free buffer layer. Solar energy materials and solar cells. 1996;40(2):97-102.

5. Wang D, Zheng W, Hao C, Peng Q, Li Y. General synthesis of I-11I-VI 2 ternary semiconductor nanocrystals. Chemical
communications. 2008(22):2556-2558.

6.  Kolny-Olesiak J, Weller H. Synthesis and application of colloidal CulnS2 semiconductor nanocrystals. ACS applied materials
& interfaces. 2013;5(23):12221-12237.

7.  Kumar DK, KfiZ J, Bennett N, Chen B, Upadhayaya H, Reddy KR, Sadhu V. Functionalized metal oxide nanoparticles for
efficient dye-sensitized solar cells (DSSCs): A review. Materials Science for Energy Technologies. 2020;3:472-481.

8.  Senthamilselvi V, Saravanakumar K, Jabena Begum N, Anandhi R, Ravichandran AT, Sakthivel B, Ravichandran K.
Photovoltaic properties of nanocrystalline CdS films deposited by SILAR and CBD techniques—a comparative study. Journal
of Materials Science: Materials in Electronics. 2012;23:302-308.

9. ChuM,DuZz Zhang VY, Li L, Jiao S, Azad F, Su S. Enhanced photovoltaic performance of quantum-dot-sensitized solar cells
using Graphene/Cu2-xSe composite counter electrode. Journal of Alloys and Compounds. 2021;851:156869.

10. Zhou M, Shen G, Pan Z, Zhong X. Selenium cooperated polysulfide electrolyte for efficiency enhancement of quantum dot-
sensitized solar cells. Journal of Energy Chemistry. 2019;38:147-52.

11. Ilaiyaraja P, Rakesh B, Das TK, Mocherla PS, Sudakar C. CulnS2 quantum dot sensitized solar cells with high VOC~= 0.9 V
achieved using microsphere-nanoparticulate TiO2 composite photoanode. Solar Energy Materials and Solar Cells.
2018;178:208-222.

12. Chen C, Ling L, Li F. Double-sided transparent TiO 2 nanotube/ITO electrodes for efficient CdS/CulnS 2 quantum dot-
sensitized solar cells. Nanoscale Research Letters. 2017;12:1-7.

13. Luo J, Wei H, Huang Q, Hu X, Zhao H, Yu R, Li D, Luo Y, Meng Q. Highly efficient core—shell CulnS 2—-Mn doped CdS
quantum dot sensitized solar cells. Chemical Communications. 2013;49(37):3881-3883.

14. Long Z, Zhang W, Tian J, Chen G, Liu Y, Liu R. Recent research on the luminous mechanism, synthetic strategies, and
applications of CulnS 2 quantum dots. Inorganic Chemistry Frontiers. 2021;8(4):880-897.

15. Morselli G, Villa M, Fermi A, Critchley K, Ceroni P. Luminescent copper indium sulfide (CIS) quantum dots for bioimaging
applications. Nanoscale Horizons. 2021;6(9):676-695.

16. Zhang T, Long M, Yan K, Zeng X, Zhou F, Chen Z, Wan X, Chen K, Liu P, Li F, Yu T. Facet-dependent property of
sequentially deposited perovskite thin films: chemical origin and self-annihilation. ACS Applied Materials & Interfaces.
2016;8(47):32366-32375.

17. QinY, Song J, Qiu Q, Liu Y, Zhao Y, Zhu L, Qiang Y. High-quality NiO thin film by low-temperature spray combustion
method for perovskite solar cells. Journal of Alloys and Compounds. 2019;810:151970.

18. Yin WJ, Shi T, Yan Y. Unique properties of halide perovskites as possible origins of the superior solar cell performance.
Advanced materials. 2014;26(27):4653-4658.

19.

Mahmoodpour S, Heydari M, Shooshtari L, Khosroshahi R, Mohammadpour R, Taghavinia N. Slot-Die Coated Copper Indium


https://www.nrel.gov/pv/cell-efficiency.html
https://www.nrel.gov/pv/cell-efficiency.html

Garg / Algerian Journal of Engineering and Technology 08 (2023) 138-146 145

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Disulfide as Hole-Transport Material for Perovskite Solar Cells. Sustainability. 2023;15(8):6562.

Lalpour N, Mirkhani V, Keshavarzi R, Moghadam M, Tangestaninejad S, Mohammadpoor-Baltork I, Gao P. Self-healing
perovskite solar cells based on copolymer-templated TiO2 electron transport layer. Scientific Reports. 2023;13(1):6368.

Zhou R, Niu H, Zhang Q, Uchaker E, Guo Z, Wan L, Miao S, Xu J, Cao G. Influence of deposition strategies on CdSe
qguantum dot-sensitized solar cells: a comparison between successive ionic layer adsorption and reaction and chemical bath
deposition. Journal of Materials Chemistry A. 2015;3(23):12539-49.

Chang CC, Chen JK, Chen CP, Yang CH, Chang JY. Synthesis of eco-friendly CulnS2 quantum dot-sensitized solar cells by a
combined ex situ/in situ growth approach. ACS applied materials & interfaces. 2013;5(21):11296-11306.

Wang Z, Zhang X, Xin W, Yao D, Liu Y, Zhang L, Liu W, Zhang W, Zheng W, Yang B, Zhang H. Facile synthesis of Cu—In—
S/ZnS core/shell quantum dots in 1-dodecanethiol for efficient light-emitting diodes with an external quantum efficiency of
7.8%. Chemistry of Materials. 2018;30(24):8939-8947.

Chuang PH, Lin CC, Liu RS. Emission-tunable CulnS2/ZnS quantum dots: structure, optical properties, and application in
white light-emitting diodes with high color rendering index. ACS applied materials & interfaces. 2014;6(17):15379-15387.
Nam DE, Song WS, Yang H. Facile, air-insensitive solvothermal synthesis of emission-tunable CulnS 2/ZnS quantum dots
with high quantum yields. Journal of Materials Chemistry. 2011;21(45):18220-18226.

Deng D, Chen Y, Cao J, Tian J, Qian Z, Achilefu S, Gu Y. High-quality CulnS2/ZnS quantum dots for in vitro and in vivo
bioimaging. Chemistry of Materials. 2012;24(15):3029-3037.

Xia C, Wu W, Yu T, Xie X, Van Oversteeg C, Gerritsen HC, de Mello Donega C. Size-dependent band-gap and molar
absorption coefficients of colloidal CulnS2 quantum dots. ACS nano. 2018;12(8):8350-8361.

Leach AD, Macdonald JE. Optoelectronic properties of CulnS2 nanocrystals and their origin. The journal of physical chemistry
letters. 2016;7(3):572-583.

Zhong H, Zhou Y, Ye M, He Y, Ye J, He C, Yang C, Li Y. Controlled synthesis and optical properties of colloidal ternary
chalcogenide CulnS2 nanocrystals. Chemistry of materials. 2008;20(20):6434-6443.

Zhong H, Lo SS, Mirkovic T, Li Y, Ding Y, Li Y, Scholes GD. Noninjection gram-scale synthesis of monodisperse pyramidal
CulnS2 nanocrystals and their size-dependent properties. ACS nano. 2010;4(9):5253-5262.

Van Der Stam W, Berends AC, Rabouw FT, Willhammar T, Ke X, Meeldijk JD, Bals S, de Mello Donega C. Luminescent
CulInS2 Quantum Dots by Partial Cation Exchange in Cu2—x S Nanocrystals. Chemistry of Materials. 2015;27(2):621-628.
Nose K, Soma Y, Omata T, Otsuka-Yao-Matsuo S. Synthesis of ternary CulnS2 nanocrystals; phase determination by complex
ligand species. Chemistry of Materials. 2009;21(13):2607-2613.

Pan D, An L, Sun Z, Hou W, Yang Y, Yang Z, Lu Y. Synthesis of Cu— In— S ternary nanocrystals with tunable structure and
composition. Journal of the American Chemical Society. 2008;130(17):5620-5621.

Han S, Kong M, Guo Y, Wang M. Synthesis of copper indium sulfide nanoparticles by solvothermal method. Materials
Letters. 2009;63(13-14):1192-1194.

Li L, Daou TJ, Texier I, Kim Chi TT, Liem NQ, Reiss P. Highly luminescent CulnS2/ZnS core/shell nanocrystals: cadmium-
free quantum dots for in vivo imaging. Chemistry of Materials. 2009;21(12):2422-2429.

Liu S, Zhang H, Qiao Y, Su X. One-pot synthesis of ternary CulnS 2 quantum dots with near-infrared fluorescence in aqueous
solution. Rsc Advances. 2012;2(3):819-825.

Chen Y, Li S, Huang L, Pan D. Green and facile synthesis of water-soluble Cu—In-S/ZnS core/shell quantum dots. Inorganic
chemistry. 2013;52(14):7819-7821.

su Kim Y, Lee Y, Kim Y, Kim D, Choi HS, Park JC, Nam YS, Jeon DY. Synthesis of efficient near-infrared-emitting CulnS
2/ZnS quantum dots by inhibiting cation-exchange for bio application. RSC advances. 2017;7(18):10675-10682.

Chen Y, Li S, Huang L, Pan D. Low-cost and gram-scale synthesis of water-soluble Cu—In-S/ZnS core/shell quantum dots in
an electric pressure cooker. Nanoscale. 2014;6(3):1295-1298.

Arshad A, Akram R, Igbal S, Batool F, Igbal B, Khalid B, Khan AU. Aqueous synthesis of tunable fluorescent, semiconductor
CulInS2 quantum dots for bioimaging. Arabian Journal of Chemistry. 2019;12(8):4840-4847.

Jain S, Bharti S, Bhullar GK, Tripathi SK. Synthesis, characterization and stability study of aqueous MPA capped CulnS2/ZnS
core/shell nanoparticles. Journal of Luminescence. 2022;252:119279.

Stefan M, Leostean C, Toloman D, Popa A, Pana O, Barbu-Tudoran L. Spectroscopic and Morpho-Structural Characterization
of Copper Indium Disulfide-Zinc Oxide Nanocomposites with Photocatalytic Properties. Analytical Letters. 2023;56(2):183-
199.

Sugan S, Baskar K, Dhanasekaran R. Hydrothermal synthesis of chalcopyrite CulnS2, CulnSe2 and CulnTe2 nanocubes and
their characterization. Current Applied Physics. 2014;14(11):1416-1420.

Sawant JP, Shaikh SF, Kale RB, Pathan HM. Chemical bath deposition of CulnS2 thin films and synthesis of CulnS2
nanocrystals: a review. Engineered Science. 2020;12(2):1-12.

Sharma R, Shim S, Mane RS, Ganesh T, Ghule A, Cai G, Ham DH, Min SK, Lee W, Han SH. Optimization of growth of
ternary CulnS2 thin films by ionic reactions in alkaline chemical bath as n-type photoabsorber layer. Materials Chemistry and
Physics. 2009;116(1):28-33.

Jara DH, Yoon SJ, Stamplecoskie KG, Kamat PV. Size-dependent photovoltaic performance of CulnS2 quantum dot-sensitized
solar cells. Chemistry of Materials. 2014;26(24):7221-7228.

Peng Z, Sun Z, Ning Z, Liu Y, Chen J, Li W, Qiu W, Chen J, Liu Z. Interface connection modulation by heating treatment for
photovoltaic performance enhancement on CulnS2 quantum dot sensitized solar cells. Journal of Alloys and Compounds.
2020;817:153351.

Arriaza-Echanes C, Campo-Giraldo JL, Quezada CP, Espinoza-Gonzélez R, Rivas-Alvarez P, Pacheco M, Bravo D, Pérez-
Donoso JM. Biomimetic synthesis of CulnS2 nanoparticles: Characterization, cytotoxicity, and application in quantum dots
sensitized solar cells. Arabian Journal of Chemistry. 2021;14(7):103176.

Luo J, Wei H, Huang Q, Hu X, Zhao H, Yu R, Li D, Luo Y, Meng Q. Highly efficient core—shell CulnS 2-Mn doped CdS



Garg / Algerian Journal of Engineering and Technology 08 (2023) 138-146 146

quantum dot sensitized solar cells. Chemical Communications. 2013;49(37):3881-3883.
Chang CC, Chen JK, Chen CP, Yang CH, Chang JY. Synthesis of eco-friendly CulnS, quantum dot-sensitized solar cells by a

50.
combined ex situ/in situ growth approach. ACS applied materials & interfaces. 2013;5(21):11296-11306.

Recommended Citation
Garg N. A brief review of features of copper indium disulphide (CulnS,) nanomaterials for quantum dot solar cells. Alger.

J. Eng. Technol. 2023, 8(2): 138-146. DOI: http://dx.doi.org/10.57056/ajet.v8i2.113

This work is licensed under a Creative Commons Attribution-NonCommercial 4.0 International License



http://dx.doi.org/10.57056/ajet.v8i2.113
http://dx.doi.org/10.57056/ajet.v8i2.113
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/

