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a b s t r a c t

The paradigm-shift in quantum dot (QDs) synthesis and applications in the past decade have seen the
development of an array of semiconductor QDs. The II–VI or IV–VI QDs are still the most researched QDs
undoubtedly. However, safer alternativeswithin the ternary I–III–VI QDs are currently being pursued. This
has resulted in an increased new body of knowledge on nanomaterial technology. This paper reviews the
evolution of syntheticmethods for I–III–VIQDs and their surfacemodification techniqueswith a particular
focus on the ternary copper-indium-sulphide (CIS) based QDs. The parameters that play a vital role in the
optical properties of CIS QDs, and their various applications with emphasis on biological applications are
also discussed. The review ends with the challenge and future perspective of these nascent QDs.

© 2017 Elsevier B.V. All rights reserved.

Contents

1. Introduction......................................................................................................................................................................................................................... 47
2. Synthetic strategies............................................................................................................................................................................................................. 47

* Corresponding author at: Department of Applied Chemistry, University of Johannesburg, P.O. Box 17011, Doornfontein 2028, Johannesburg, South Africa.
E-mail address: oluwafemi.oluwatobi@gmail.com (O.S. Oluwafemi).

http://dx.doi.org/10.1016/j.nanoso.2017.08.012
2352-507X/© 2017 Elsevier B.V. All rights reserved.

http://dx.doi.org/10.1016/j.nanoso.2017.08.012
http://www.elsevier.com/locate/nanoso
http://www.elsevier.com/locate/nanoso
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nanoso.2017.08.012&domain=pdf
mailto:oluwafemi.oluwatobi@gmail.com
http://dx.doi.org/10.1016/j.nanoso.2017.08.012


N. Tsolekile et al. / Nano-Structures & Nano-Objects 12 (2017) 46–56 47

2.1. Organic synthesis ................................................................................................................................................................................................... 48
2.1.1. Hot-injection method............................................................................................................................................................................. 48
2.1.2. Solvothermal ........................................................................................................................................................................................... 48
2.1.3. Thermolysis ............................................................................................................................................................................................. 48
2.1.4. Heating-up method ................................................................................................................................................................................ 49

2.2. Surface modifications............................................................................................................................................................................................. 49
2.2.1. Ligand exchange ..................................................................................................................................................................................... 49
2.2.2. Encapsulation.......................................................................................................................................................................................... 49

2.3. Aqueous synthesis .................................................................................................................................................................................................. 49
2.4. Effect of synthetic parameters............................................................................................................................................................................... 50

2.4.1. Precursor ratio ........................................................................................................................................................................................ 50
2.4.2. Reaction temperature and time............................................................................................................................................................. 50
2.4.3. pH............................................................................................................................................................................................................. 51

3. Conjugation of QDs ............................................................................................................................................................................................................. 51
4. Cytotoxicity ......................................................................................................................................................................................................................... 51
5. Characterization of quantum dots ..................................................................................................................................................................................... 51
6. Applications......................................................................................................................................................................................................................... 52

6.1. Bioimaging .............................................................................................................................................................................................................. 52
6.2. Biomedical applications ......................................................................................................................................................................................... 53
6.3. Other industrial applications................................................................................................................................................................................. 53

7. Challenges with CIS based QDs .......................................................................................................................................................................................... 54
8. Conclusion ........................................................................................................................................................................................................................... 54

Acknowledgements ............................................................................................................................................................................................................ 54
References ........................................................................................................................................................................................................................... 54

1. Introduction

Since their origin in the late 1980’s, quantum dots (QDs) has
been a central theme in nanotechnology. QDs are nano-crystalline
fluorescent semiconductors that confines the motion of their
charge carriers in three dimensions [1]. For amaterial to be consid-
ered as ‘‘quantumdots’’, stern confinement of electron to holewith
a radius equal to or below the exciton Bohr radius is required [2].
QDs are intermediate state of matter with average diameters of 2–
20 nm that display properties that is not present neither in the bulk
nor molecular systems. Altering their size by the addition or sub-
traction of just a few atoms to the quantum dots has the effect of
altering the boundaries of the bandgap. Depending on the bandgap,
the excited QDs emits photons at different wavelengths [3]. They
emit from the visible to NIR region as their size increases.

QDs have been extensively investigated for diverse applications
due to their unique properties such as size-dependent optical
properties, broad excitation spectra, narrow bandwidth emission
spectra, high resistance to photo-bleaching, good stability and
biocompatibility. These salient features have resulted in the ex-
ploration of QDs as potential alternatives to conventional organic
fluorophores for biomedical and analytical applications such as
bio-labelling and imaging, bioassay, drug delivery, photodynamic
therapy (PDT), biosensor and chemosensor, to mention a few [4].
Traditionally, QDs are typically prepared as binary semiconductor
nanocrystals from group II–VI (e.g. CdSe, ZnS etc.) and group IV–
VI elements (e.g. PbTe, PbS) in the periodic table. Cadmium(Cd)
based QDs are the most studied owing to their excellent optical
properties [5] which have guided research on the use of QDs. Much
work has been done using theseQDs in various applications such as
medicine [6], electronics [7,8] and other industries. Though these
materials possess excellent properties, the use of these II–VI and
IV–VI QDs is limited due to the inherent toxicity of heavy metals
such as Cd and Pb. Even though encapsulation of these QDs with
different shells such as silica, polymers and so on significantly
reduces the leakage of heavymetals from the core, it is not deniable
that, these QDs contain potential hazards, which are harmful to the
biological system and the environment [6].

Recent works have deviated from the use of these toxic metals
particularly in biomedical fields where QDs utility is limited due to
their cytotoxicity. Growing interest has been on the chalcopyrite

ternary QDs from I–III–VI group [7,9]. The QDs that have been
investigated within the I–III–VI group are CuInS2 (CIS), CuGaS2
(CGS), AgInS2 (AIS), AgInSe (AISe) and AgGaS2 (AGS) [7,10–12]. It
is worth noting that, among these QDs, much attention has been
given to CIS QDs [13]. The vast colour window up to NIR range (850
nm), direct band gap, large Stokes shift, long fluorescence lifetime
and most importantly the absence of toxic elements [7] are some
of the advantages of using CIS QDs. Herein, we review the recent
literature regarding the preparation of ternary QDs with particular
focus onCISQDs and theirmost important properties. Their surface
modifications and applications are also discussed with focus on
biological application.

2. Synthetic strategies

Different methods have been reported for the synthesis of QDs.
Selection of the synthetic approach is widely dependent on the
desired use of the QDs and the type of solvents. Synthesis of CIS
ternary QDs is reported to be intricate due to the reactivity of
the cations commonly used (Cu2+, In3+, and Zn2+) [14]. Further-
more, the synthesis is also limited by the shape, composition and
size control due to multifaceted equilibria that occurs between
the cation and anion precursor reactivity’s [15]. However, tuning
of reaction parameters such as temperature, reaction time and
precursor ratios allows for the attainment of mono-dispersed size
controlled quantum dots.

For sulphur based ternary QDs such as CIS, the sulphur
sources are often stabilizing ligands such as dodecane thiol (DDT),
mercapto-propionic acid (MPA), glutathione (GSH), thioglycolic
acid (TGA) [11,16,17]. These ligands undergo thiolysis to supply
enough sulphur ions and bind to the surface of the QDs thereby
performing dual role in the synthesis [18–20]. Numerous studies
have reported the synthesis of CIS QDs under similar reaction
conditions of temperature, pH, reactant concentration and ratio,
but different stabilizing agents and, this had produced different
results. To balance the reactivity’s of Cu+ and In3+, two stabilizing
agents are often used in the synthesis of CIS QDs [21].

The optical properties of the QDs majorly lie within the spher-
ical core. However, core based QDs such as CIS QDs have been
reported to lose their properties with time mainly because of their
high reactivity (due to their large surface area to volume ratio)
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which also causes surface defects. Therefore, during the synthesis,
coating the QDs surface with another semiconductor material to
form core/shell type QDs is generally employed to reduce the
surface defects [22]. ZnS is the most commonly used shell material
because of its higher band gap [23,24] in order to improve the
quantum yield and enhance the photo-stability by passivating the
surface of the QDs [17,25]. ZnS (3.7 eV) has a higher band gap than
CIS (1.45 eV) and exhibits a type I core/shell CIS/ZnS QDs [26].
This allows for the exciton confinement of the core by reducing
surface-related recombination in trap states [27]. CIS chalcopyrite
crystal structure is the superstructure of zinc blende like ZnS
structure. The low lattice mismatch between CIS and ZnS allows
for the epitaxial growth of ZnS on CIS with the minimum strain at
the core/shell interface [15,28]. Several authors have reported the
blue-shift that occurs during the growth of ZnS over CIS QDs [15,
29,30] and this has been attributed to the cation exchange of Cu+

and In3+ ions with Zn2+ ions. This is feasible due to their similar
ionic radii and Gibbs formation, which allows for cation exchange.
The other possible reasons that have been suggested for the blue-
shift which occurs during shelling are the inter-diffusion of Zn
atoms, surface reconstruction and etching of the plain core mate-
rial [31]. Kim et al., 2017 [32] reported on the tuning of Cu:In ratio
along with variation in reaction temperature and time in order
to address the blue-shifting that occurs during the ZnS growth.
Their results showed that the degree of passivation by the ZnS
shell at different synthesis temperatures results in a PL quantum
yield (QY) of between 26%–38%. The cation exchange and blue
shifting of the emission position were inhibited when the reaction
was temperature was 180 ◦C. However, the PL spectra becomes
blue-shifted proportionally as the synthesis time increased. The
formation of zinc alloyed CIS QDs prior to forming core/shell have
been reported to reduce the blue-shift during shelling whereby, a
Zn2+ precursor is added at the beginning of the reaction to alloy
with the Cu+ and In3+ [26,33]. This has also been reported to inhibit
any structural defects in the core [26,34,35].

2.1. Organic synthesis

The basic principle of organic synthesis involves the pyrolysis
of organometallic precursors in hydrophobic solvents and ligands
at high boiling temperatures (typically between 220 and 300 ◦C)
under inert atmosphere. Organic synthesis produces high-quality
colloidal nanoparticles often generated using precursors in the
presence of hydrophobic reducing agents and/ or ligands such as
octadecene (ODE), 1-dodecanethiol (DDT), octylamine (OctAm),
oleylamine (OlAm), tri-octylphosphine oxide (TOPO) [15]. These
ligands passivate the surface of QDs, which renders them hy-
drophobic. There are different methods of synthesizing CIS QDs in
organic medium, which includes hot-injection method, solvother-
mal, thermolysis and the heating upmethod. The following section
gives a brief description on the synthesis methods.

2.1.1. Hot-injection method
The hot-injection method involves the injection of a cool solu-

tion of the anionic precursor into a hot solution of cationic precur-
sor at high temperature followed by fast nucleation. (Fig. 1). It also
permits control of the particle size distribution [36]. Vahidshad
et al., 2013 [37] synthesized CIS nanocrystals using CuCl, InCl3
and thiourea as precursors. The size of the nanocrystals was tuned
by varying the injection temperature between 150 and 270 ◦C.
The result showed that high reaction temperatures resulted in fast
nucleation followed by slower particle growth compared to lower
temperatures. The optimized temperature for instant injectionwas
240 ◦C for CIS. By tuning and controlling the solution temperature,
injection rate and coordinating solvent to capping agent ratio they
were able to synthesize material with narrow size distribution

Fig. 1. Schematic representation of organic synthesis. Vahidshad et al., 2013 [37].

and particle diameters between 10 and 30 nm. The study also
emphasized the importance of injection temperature with respect
to hot-injection method. Yuan et al., 2010 [38] however, advised
against the use of the injection method for large volumes as injec-
tion process can be slowed down. Thus, causing overlap between
nucleation and growth, which can lead to unwanted broad particle
size distributions.

2.1.2. Solvothermal
The solvothermal method is known for its facile and large-

scale up properties. It is, therefore, an advantageous method for
the production I–III–VI type QDs at gram scale. The solvothermal
method initially involves the combination of anionic and cationic
precursors at lower temperatures. For desired particle growthwith
good crystallinity, the temperature is later increased with the use
of an autoclave [39,40]. Nam et al., 2011 [38] reported the first
synthesis of highly fluorescent DDT capped CIS/ZnS core/shell QDs
using the solvothermal method. Indium acetate (In(Ac)3), Cu(I)
iodide (CuI) and DDT were used to synthesize the core CIS QDs in
octadecene (ODE) at 180 ◦C for 5–6 h. Zinc acetate with potassium
ethyl xanthogenate was used to form ZnS shell over the CIS core at
200 ◦C for 12 h. This produced yellow-to-red CIS/ZnS QDs with QY
of 65 %. Jia et al., 2016 [41] synthesized CIS QDs via solvothermal
approach by heating up a mixture of precursors i.e. zinc stearate
(ZnSt2), cuprous acetate (Cu(OAc)2), indium acetate (In(OAc)3) and
oleylamine (OAm) in the presence of DDT/ODE. The PL intensity
andpeak position of the CIS andCIS/ZnSQDswere tuned by varying
the excitation wavelength. This work emphasized the effect of
excitation wavelength on the optical properties of CIS QDs. As the
excitation wavelength increased from 550 nm to 630 nm, the PL
peak position shifted from 665 to 685 nm. This shift in the PL peak
position was attributed to the internal defect state of the material.
Sugan et al., 2015 [42] synthesized AgInS using AgCl, In and S as
reactants at 1:1:2 mole ratio respectively. Ethylenediamine was
used as solvent and the synthesis performed at 200 ◦C for 8 h. PL
emission peak of 620 nm where obtained with UV/VIS absorption
at 590 nm. Differential thermal analysis (DTA) was used to deter-
mine the melting point of the AgInS and reported to be 956 ◦C.

2.1.3. Thermolysis
Thermolysis is a process by which nanoparticles are synthe-

sized by heating metal complex precursors at high temperatures
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Table 1
Overview of the experimental method of synthesizing CIS and CIS/ZnS QDs.

Material Synthesis technique Reference number

CIS Hot-injection method [37]
CIS, CIS/ZnS, AgInS Solvothermal [41,42,45,46]
CIS, CIS/ZnS Thermolysis [43,44]
CIS/ZnS Non-injection [47–49]
Cis, CIS/ZnS Hydrothermal [7,19,50]

together with a stabilizing compound. Choi et al. 2006 [43] re-
ported the synthesis of CIS heterostructured nanocrystals via ther-
molysis of a mixture of Cu-oleate and In-oleate complexes in
dodecane thiol. The shape of CIS nanocrystals could be varied from
corn, bottle, to larva shapes by changing the reaction temperature
and time. Lee et al., 2014 [44] described for the first time the use
of a hybrid flow reactor to synthesize CIS/ZnS via thermolysis.
The core QDs (CIS) were thermally grown at 210 ◦C for 1 min
using DDT/ODE. ZnS was used to passivate the core at 320 ◦C for
2 mins. With ZnS shell growth, improved PL quantum yields (QY)
of 60 % from initial values of 20 % was obtained. Thermolysis is
advantageous as a fast-synthetic method for CIS QDs. The major
disadvantage of this method is the presence of multiple peaks in
the PL spectra even at wavelengths shorter than 700 nm.

2.1.4. Heating-up method
The heating-up method also known as the ‘‘non-injection’’

method involves the addition of reagents in one-pot and rapidly
heating to the critical temperature for nucleation to occur. Thuy
et al., 2014 [47] synthesized CIS/ZnS core/shell QDs by heating-
up the copper (I) iodide (CuI), DDT, In(Ac)3, zinc stearate and
oleic acid as precursors at fast heating rate of 150–200 ◦C/min
with diesel as reaction solvent. The highest quality of CuInS2 QDs
were obtained at reaction temperature of 210 ◦C for 15 min with
the Cu:In molar ratio of 1:1. For large-scale synthesis, the heat-
up method is considered the best method of choice [51]. Table 1
shows overview of the experimental method of synthesizing CIS
and CIS/ZnS QDs.

2.2. Surface modifications

After the organic based synthesis, the fate of the QDs is often
determined by the desired application. Although organic synthesis
produces high quality QDs with good quantum yields, the hy-
drophobic nature of the synthesized QDs makes them unsuitable
for some applications. For example, biological application of QDs
which requires water-soluble materials [52]. Selection of stabiliz-
ing agents is thus very crucial in QDs synthesis. Stabilizing agents
contribute to the surface functionalization, stability and solubility,
all of which have significant impact on the optical properties and
biocompatibility of the QDs. Furthermore, the selection of the
ligand greatly determines the dispersive nature of the quantum
dots in solution [27].

The basic principle for the metamorphosis of the hydrophobic
quantum dots to water soluble biocompatible QDs is the conver-
sion of the surface ligands.Many techniques have been reported for
the conversion of hydrophobic QDs to hydrophilic biocompatible
dots. These methods include the use of silica shell coating [53], lig-
and exchange [54] and amphiphilic polymer coating [55]. Fig. 2 de-
picts surface coating strategies (ligand exchange and amphiphilic
strategies) for QDs (right side) and bioconjugation (left) of QDs
using different biomolecules [27]. Other strategies not depicted in
the diagram include the use of silica shell and encapsulation.

2.2.1. Ligand exchange
Ligand exchange is one of the most widely used methods for

the surfacemodification of quantumdots. In general, it involves the
exchange of hydrophobic ligandswith bifunctional hydrophilic lig-
ands. These hydrophilic ligands improve water solubility and offer
attachment sites for secondary biomolecules such as drugs, anti-
bodies or proteins on the surface of QDs [22,56–58]. Draaisma et al.,
2016 [54], carried out ligand exchanged on DDT capped CIS/ZnS
QDs and evaluated their use as luminescence down-shifting ad-
ditives in photo-voltaic cells. In their work, DDT ligand was ex-
changed with thiol functionalized oligomeric caprolactone (Oligo-
CL) polymer. The oligo-CL ligand was introduced to improve the
compatibility of the CIS QDs with polyesterurethane resin and re-
duce QDs aggregation in the polymer matrix. The ligand exchange
was performed at high temperatures and high concentration of
the Oligo-CL was used to drive the equilibrium in favour of the
exchange (as per Le Chantlier’s principle). However, it is worth
noting that excessive ligand to metal concentration can distort
the QDs surface thereby decreasing the fluorescence intensity [59].
Gugula et al., 2016 [48] synthesized CIS and CIS/ZnS QDs in one-pot
by non-injection method followed by surface modification. They
functionalized the oleic acid (OA) capped CIS/ZnS QDs with MPA,
MUD (11-mercapto-1-undecanol), and oleylamine (OAm) terminal
ligands to make them suitable for LED application.

2.2.2. Encapsulation
Encapsulation approach often includes coating with am-

phiphilic molecules that contain functional groups such as –NH2,
–COOH, –SH or silica, polyethylene glycol (PEG) etc. [60]. The
hydrophobic terminal of the amphiphilic ligand encapsulates the
hydrophobic capped QDs whereas, the hydrophilic terminal end
enables the dispersion of QDs in aqueous solution [61]. The en-
capsulation method is frequently used because it addresses the
problems of poor luminescence quantum yields, aggregation and
precipitation during surface modification. Booth et al., 2012 [49]
performed encapsulation of DDT capped CIS/ZnS QDs on a com-
mercial amphipol (amphiphilic polymers) poly (maleic anhydride-
alt-1-tetradecene), 3-(dimethylamino)-1-propylamine derivative
(PMAL-d). Amphipol encapsulation involved vigorous stirring of
the CIS/ZnS–DDT coated QD with PMAL-d under argon flow at
room temperature. The hydrodynamic diameter of the material
was found to be to 13.7 ± 3.2 as determined by DLS.

2.3. Aqueous synthesis

Although the ligand exchange method allows customization of
the CIS QDs to make them water soluble, it can lead to surface
defects, which can affect the optical properties of the QDs and
may alter the size of the QDs [21]. Hence the need for direct
aqueous synthetic methods. Aqueous synthesis is reagent effective
and less toxic. It also improves quantum dots water solubility and
biocompatibility. Aqueous synthesis of quantum dots frequently
encompasses the use of water-soluble thiols as capping agents.
These thiol ligands are known for their high efficiency, extraordi-
nary affinity and abundance [20,30]. In addition, they also allow
the use of the QDs in biological applications without the need for
further modification [60]. Typical aqueous synthesis involves the
addition of the precursors at room temperature in the presence of
stabilizing agents such as thiol groups (MPA, GSH, TGA) followed
by heating under reflux [19,62]. Aqueous synthesis of CIS quantum
dots is still in its infancy and thus much work is still required to
perfect the reaction conditions.

Zhang et al., 2015 reported the synthesis of water soluble CIS
and ZCIS QDs at pH 9 using InCl3, CuCl2 as precursors and MPA as
capping agent. They varied the feed ratio of Cu : In from 0.07 to
1.33 while the amount of MPA was set at the moles of 20Cu + 8In
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Fig. 2. Overview of different surface coating strategies (right side) and bioconjugation (left side) for QDs. Wegner et al., 2015 [27].

to obtain NIR QDs. The incorporation of Zn into CIS QDs was used
as a strategy to enhance the PL intensity, narrow down the emis-
sion spectral width and increase the ability to tune the emission
wavelength of the nanoparticles. Chen et al., 2014 [19], used copper
chloride and indium chloride precursors with dual stabilizers (TGA
and sodium citrate) to synthesis CIS/ZnS core/shell QDs by using a
pressure cooker for large scale production. Approximately 3 grams
of CIS/ZnS QDs were produced. The emission wavelengths can be
varied from 545 to 610 nm by tuning Cu: In molar ratio and an
addition of three ZnS monolayers. They maximum QY obtained
was 40%. Lack of comparable results in the optical properties and
crystal structures of CIS or zinc copper indium sulphide (ZCIS)
QDs suggests that there are complexities and uncertainties in
making their respective multi-ternary nanocrystals [63]. Wang
et al., 2017 [50] synthesized AgInS using electric pressure cooker.
Polyethyleneimine (PEI) was used as ligand. PLQY of 32% were
obtained with UV/VIS absorption edge of AIS QDs at 460 nm. The
PL spectrum consisted of a strong broad band ranging from 300
to 550 nm with a maximum at 420 nm. The AIS QDs were used
as H2O2 sensors via electron-transfer quenching. The fluorescence
of the QDs was used to quantify for glucose via the conversion of
glucose into gluconic acid and H2O2 under catalyzation of glucose
oxidase.

2.4. Effect of synthetic parameters

QDs can be tailored to required shape and size by varying differ-
ent synthetic parameters such as capping ligand, precursor ratio,
reaction time, temperature and pH [32,64,65]. It is worth noting
here that, the optical and structural properties of QDs depend on
their shape and size. The following section will look at the effect of
these parameters on the properties of CIS QDs.

2.4.1. Precursor ratio
PL peak position and intensity of the CIS QDs can be optimized

by varying the Cu:In ratio. Jia et al., 2017 [66], synthesized CIS/ZnS
QDs using different Cu: In ratio from 1:2 to 1: 48 and studied their
effects on optical properties. As the Cu: In ratio decreased, a shift to
shorter wavelengths was observed indicating the widening of the
band gap under poor-Cu conditions (Fig. 3). Zheng et al., 2016 [67]
synthesized CIS/ZnS QDs with 20% photoluminescence quantum

yield (PLQY) at gram-scale. They examined differentmolar ratios of
Cu: In and found that, Cu-deficient CIS QDs produced higher PLQY.
Kim et al., 2017 [32] synthesized NIR CIS QDs andwere able to tune
the PL peak position from 680 nm to 850 nm by tuning the Cu:
In ratio from 0.25:1 to 2:1. Typically, the red-NIR emission is at-
tributed to the donor–acceptor pair (DAP) transition,where InCu (In
substituted at the Cu site) and/or VS (S vacancy) probably act as
donor states with VCu (Cu vacancy) as an acceptor state. For CuInS
QD, Cu plays an important role in determining the emission peak
with the mobility of Cu and its migration towards surface layers
often resulting in non-uniform composition distribution [68–70].
Whereas for AgInS, the most sensitive chemical precursors are In
and S. Variations in Ag ratio showed no effect on optical properties
when Liu et al., 2013 [70] synthesized AgInS using oleylamine-
sulphur solution, silver nitrate and indium acetate as precursor
sources.

2.4.2. Reaction temperature and time
Theoretically, increasing the reaction temperature and time

makes reaction precursors more reactive, which is beneficial for
nanocrystals growth. However, prolonged reaction timesmay lead
to induced aggregation of small crystals with broad size distri-
bution and affects stability of the QDs. For organometallic syn-
thesis, high temperatures and long reaction times often result in
the precipitation of the QDs [71]. During the core (CIS) synthesis,
increasing the reaction time generally shifts the PL spectra to
longer wavelength due to particle growth, whereas in the shell
growth (ZnS), the spectra will be blue shifted due to the extent
of Zn ion diffusion into the core CIS as previously discussed. Kim
et al., 2017 [32] synthesized NIR emitting DDT capped CIS/ZnS
QDs in ODE by tuning the temperature from 180 ◦C to 250 ◦C
during ZnS shell growth to control the Zn ion diffusion. At lower
temperatures, they reported lower diffusion rates than that at
higher temperature because the activation energy for diffusion
was affected by temperature. A few studies have been reported
on the direct aqueous synthesis of CIS and CIS/ZnS QDs where low
temperatures (90–95 ◦C) have been used [7,20,72]. It has also been
reported that the CIS crystal structure can be varied by changing
the reaction temperatures [21].
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Fig. 3. The UV–Vis absorption spectra (a) and PL spectra (b) of CIS/ZnS core/shell QDswith different Cu:In ratios. Inset: Corresponding fluorescent images (Jia et al., 2017) [66].

2.4.3. pH
In the aqueous synthesis of CIS QDs, the reaction pH play an

important role in the optical properties. Xiong et al., 2013 [46]
investigated the effect of pH on the photoluminescence of glu-
tathione capped CIS/ZnS NCs. Higher PL intensities was obtained
at pH 8 among the other pH investigated (pH = 3–11). Chen et al.,
2013 [20] studied the synthesis of CIS QDs using dual stabilizers
glutathione and sodium citrate at pH 5.5 using Cu:In of 0.25 (1:4).
Their result showed increased PL intensities andhigher PLQYunder
weak acidic medium. Furthermore, at basic medium, the CIS core
tend to aggregate with low PLQY due to probable formation of
indium hydroxide.

3. Conjugation of QDs

Numerous strategies have been employed to conjugate the QDs
to biomolecules. Conjugation is commonly reported as the covalent
coupling of molecules on the surface of QDs as it forms stable link-
ages using cross-linker molecules [73]. Non-covalent conjugation
techniques include; electrostatic attachment, encapsulation and
adsorption of the material on the nanoparticle surface. The selec-
tion of the conjugation approach is based on QDs physicochemical
properties such as chemical composition, availability of surface
ligands and functional groups, size and inherent nanoparticle ma-
terial [74]. Different binding affinities enable the conjugation of
QDs to various functional biomolecules. These include the use of
bio-functional ligands likeMPA to linkQDs to biomolecules (i.e. nu-
cleic acids genes, oligomers, aptamers, and ribozymes/DNAzymes,
proteins, peptides) [75]. Based on the above, various methods
are available for bio-conjugation (Fig. 2). These include; biotin-
streptavidin binding, heterobifunctional crosslinking, hydrazone
ligation, strain-promoted azide-alkyne cycloaddition and 1-ethyl-
3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) N-
Hydroxysuccinimide (NHS) EDC/NHS amide coupling [76–78].

In addition to EDC, different coupling reagents (N,N’-Dicycloh
exylcarbodiimide (DCC), N,N’-diisopropylcarbodiimide (DIC), phos-
phonium) have also been investigated for conjugation [79,80]. It is,
however, important to appreciate that coupling reagents are not
applicable for all conjugation. Therefore, selection of reagents is
crucial and verymuch dependent on the ligands, and/or the surface
coating on the QDs. Feng et al., 2016 [18], used the EDC/NHS cou-
pling for the conjugation of different colour emitting CIS/ZnS QDs
(635–730 nm) to 5-aminolevulinic acid (ALA) (Fig. 4). The optical
properties and the Förster resonance energy transfer (FRET)mech-
anism of the conjugates was also studied. Their result showed that
after conjugation, the CIS/ZnS QD emitting at 635 nm experienced
no shift however, the QDs at 660 and 730 nm exhibited a blue-shift
of approximately 6 nm. Furthermore, a decrease in fluorescence

lifetime after the conjugation due to FRET was also observed. This
highlights the importance of conjugation as it enables the use of
photosensitizers like ALA in PDT, which on their own, would not
reach longer emission wavelengths for deeper tissue penetration.
Furthermore, conjugation of QDs with specific ligands has enabled
targeted molecular imaging. Liu et al., 2015 [81] coated CIS/ZnS
QDs with an amphillic bioconjugate composed of bovine serum al-
bumin (BSA) - poly(ε-caprolactone) (PCL) for targeted cell imaging.
The CIS/ZnS QD- BSA/PCL conjugate showed good stability in PBS
buffer, pH 7.4.

4. Cytotoxicity

Several factors including composition, size, charge and capping
ligands influence the toxicity of nanoparticles. Among them, the
composition of the QDs is the ballpark for evaluating its toxicity.
However, one needs to take into consideration that no two QDs are
alike and as their physicochemical properties differ, so does their
toxicity levels [82]. II–VI or IV–VI QDs, which are made of toxic
metal (Cd, Pb) have raised toxicity concerns. The major concern of
these QDs is their potential to leak into surrounding environment
especially once degraded. This, however, has not been reported
with CIS QDs thus far. On the contrary several studies have re-
ported high cell viability [49,83] for both bio-conjugated [18,59]
and non-conjugated [11,19] CIS based QDs. Chen et al., 2014 [19]
used human hepatoma (HepG2) cell line to evaluate the cy-
totoxicity of CIS/ZnS QDs using 3-(4,5-dimethylthiazol-2-y)-2,5-
diphenyltetrazolium bromide (MTT) method. At concentrations
of 0–40 µg/mL QDs, they observed low cytotoxicity making the
material suitable for bioimaging application. In another develop-
ment, Lv et al., 2016 [84] evaluated the cytotoxicity and in vitro
phototherapy efficacy of the ZCIS QDs in the mouse mammary
carcinoma cell line 4T1. At 200 µg/mL of QDs, the cell viability
was almost 90%, which suggested that ZCIS QDs had very low
cytotoxicity.

5. Characterization of quantum dots

Several techniques have been used to characterize the optical
and structural properties of CIS QDs. CIS QDs in general are red
emitting, and when coated with ZnS shell, they emit bright orange
as shown in Fig. 5a. The main crystal structures of CIS QDs are
hexagonal wurtzite, cubic zinc blende and tetragonal chalcopyrite
that can be determined from their XRD patterns [11,85]. The shift
in the CIS diffraction peak towards the ZnS crystal phase is often
used as means of confirming the formation of ZnS layer on the
CIS core (Fig. 5b) [86]. UV characterization of CIS QDs show band
edges, which have been attributed to band gap transitions. CIS QDs



52 N. Tsolekile et al. / Nano-Structures & Nano-Objects 12 (2017) 46–56

Fig. 4. Conjugation of CIS/ZnS to ALA using EDC/NHS via FRET mechanism. Feng et al., 2016 [18].

Fig. 5. (a) Digital photograph of naked CIS and core–shell structured CIS/ZnS from left to right. (b) XRD diagram of CIS QDs and ZCIS QDs. The absorption and emission
spectra of CIS (c) and ZCIS (d) QDs in solution, (inset: the TEM image of #1, and #2with different resolution of 50 nm (large one) and 5 nm (small one). (e) PL traces measured
by TCSPC. Bi et al., 2016 [86]. For colloidal QDs, size distribution is affected by the growth of new nuclei during nucleation. Since size distribution is dependent on kinetic
processes, control of synthetic parameters such as temperature is thus important in CIS QDs synthesis. CIS QDs size ranges from 2–3 nm for CIS, 3.8–8 nm for Zn(CIS) and 10
nm for Zn-CIS/ZnS [7,19,30,46]. Synthetic techniques such as the hot-injection, solvothermal and microwave irradiation have been used to produce material with narrow
size distribution. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

show no defined excitonic peaks (Fig. 5c and d). Alloying of CIS
with Zn, or forming the ZnS shell over the CIS QDs generally shifts
the spectra as already discussed. The absorption edge has been
reported to be dependent on the CIS QD size [87], short-life and
characteristic of the donor–acceptor (D–A) transition reported in
I–III–VI nanocrystals [88].

Photoluminescence (PL) spectrum of CIS QDs often showmulti-
peaks with emissions at NIR regions. Several explanations have
been given to explain this phenomenon [85]. Most studies have
attributed themulti-peaks to surface defect [41,89] and nucleation
events of CIS QDs [59]. Other reports attributed this to the exis-
tence of multi-phases (CuS, ZnS, Cu2S) or inhomogeneous com-
position of the material [28,60]. Different synthetic methods and
investigations (particularly in the understanding of their compo-
sition, optical and structural properties) are currently being done
to prepare ternary CIS QDs with the prospect of getting a bet-
ter understanding on the multi-peaks. Current developments on
synthetic routes have addressed the multi-phases by optimizing
parameters such as Cu:In ratio, temperature and pH [68,69]. Time-
resolved PL (TRPL) spectra are often measured to understand the
PL lifetimes in the recombination progress (Fig. 5e). Reported PL
lifetimes for CIS ranges from 100 to 300 ns [90].

6. Applications

To date, significant work have been reported on CIS QDs ap-
plications in various industries such as medicine [6,16], elec-
tronics [7,8] and other technological industries [91]. Some of the
applications of CIS based QDs are discussed below with particular
focus on biological applications.

6.1. Bioimaging

Quantum dots sensitivity, stability, biocompatibility and min-
imal invasiveness make them ideal fluorescent probes for imag-
ing techniques such as; optical imaging [92], magnetic resonance
imaging [6,93], and nuclear imaging [94]. The CIS QDs have broad
absorption, which make QDs to be excited to wavelengths close
to their emission maximum. Their emission can be tuned to NIR
wavelength suitable for in-vivo applications. For in-vivo appli-
cations, QDs must be less toxic, stable in biological media and
hemocompatible [13,95]. It is important to note that biological
medium is sensitive to many factors particularly size, shape, and
the composition of nanoparticles. This makes the studying of the
interaction of nanoparticles with biological environment essential.
The hemocompatibility research using nanoparticles is therefore
on-going with very few publications [13,96]. CIS QDs have shown
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Fig. 6. (A) Confocal images of HeLa (a–d) and OECM (e–f) incubated with
CIS/ZnS/OCMCS QDs for 12 h. Chen et al., 2015. (B) In vivo fluorescence images of a
HeLa tumour-bearing mouse after intravenous injection of the CIS/ZnS–HSA–PEG–
FA NCs in PBS. The area circled in red indicates the implanted tumour site. (Lee et al.
2014) [44]. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

good stability in different media such as water, Dulbecco’s modi-
fied eagle medium (DMEM), Foetal bovine serum (FBS) and Phos-
phate buffered saline (PBS) [59]. Helle et al., 2012 [97], studied the
haemolytic capacity of PEGylated CIS/ZnS QDs encapsulated with
lipid micelles. They compared the haemolytic capacity of CIS/ZnS
QDs to CdTeSe/ZnS QDs. The study reported 80%–90% haemolysis
with CdTeSe/ZnS QDs at 200 nM after 2 h of exposure. However,
insignificant haemolysis was observed with CIS/ZnS QDs, which
demonstrates the biocompatibility of the CIS QDs and displays its
usefulness in in-vivo imaging applications.

Chen et al., 2015 [98], synthesized water-soluble
O-carboxymethyl chitosan (OCMCS) coated CIS/ZnSQDs exhibiting
cluster-like shape with size of 200 nm. The QDs are highly bio-
compatible to HeLa and OECM-1 cell lines with the cell viability
of more than 90% as the concentration of QDs varied from 1 to
250 µg/mL. Using the confocal microscope, the localization of QDs
in the cells with Hoechst as nucleus marker was also investigated
(Fig. 6). The result showed that OCMCS-CIS/ZnS QDs entered into
HeLa cells, and were localized in the nucleus. The same group,
also successfully delivered CIS QDs to C. elegans which is a model
organism in biology and studied their degradation. The oxidation
state of CIS QDs was not changed after the treatment for 96 h,
which validates the superior biocompatibility of the QDs.

Lee et al., 2014 [44] synthesized PEG coated CIS/ZnS QDs loaded
with human serum albumin (HSA) and conjugated with folic acid
(FA) to demonstrate the in vivo feasibility of CIS/ZnS bio-imaging
system. The CIS/ZnS–HSA–PEG–FA QDs were injected in mice tail
and efficiently directed towards the tumour and stayed in the
tumour tissue. Tumour visualization was seen within few hours
after intravenous injection of QDs and detected as faint spots in
the tumour region with strong fluorescence intensity.

6.2. Biomedical applications

Photodynamic therapy is an emerging clinical trial in cancer
therapy where photosensitizing (PS) drug is administrated to tu-
mour followed by irradiationwith light thereby producing reactive
oxygen species to destroy the cancer cells. Quantum dots have
been used in PDT to improve the optical properties of photosen-
sitizing drugs. They are used as fluorescence resonance energy
transfer (FRET) agents helping neighbouring conjugated photosen-
sitizers under two-photon irradiation. NIR QDs like CIS QDs have
two-photon absorptions in the first and second optical window of
the tissue which has led to the treatment of deep-seated tumours
using PDT [99,100]. Since these QDs can penetrate deeper, they
experience minimal biological interferences from blood, melanin
and haema pigments [75].

The loading of drugs in nanoparticles is one of the most in-
vestigated areas. QDs have been used in drug delivery systems
due to their increased drug loading capacity, controlled release
profile and improved therapeutic index of the drugs [101]. Many
techniques have been used to load drugs to QDs which include
adsorption, dispersion, and coupling [102]. Gao et al., 2014 [103]
studied the drug delivery profile of PGA coated CIS QDs with
doxorubicin (DOX) as a model anti-cancer drug. The QDs were
able to deliver DOX to targeted cancer cells. Using the turn-on
signal of CIS QDs, they monitored the DOX release in-vitro and
could simultaneously use the QDs for imaging of the cancer cells.
Drug delivery using QDs experiences some barriers which includes
particle size and shape [104], surface charge [105], deformability
and degradability. The understanding of these barriers and their
effect is the current research focus on the use of QDs for drug
delivery.

6.3. Other industrial applications

Applications of CIS are not limited to the above fields but
expanding in all nanotechnology applications. CIS have been uti-
lized for applications such as photovoltaic cells [54], white light
emitting diodes [106] due to their large Stokes shift, high pho-
toluminescence quantum yield (PLQY) and high absorption co-
efficient. Bai et al., 2016 [107], synthesized 6-mercaptohexanol
(MCH) capped CIS QDs through ligand exchange and fabricated
bright light emitting diode using these QDs as an emitting layer.
The results showed that hydroxyl terminated ligand can tune the
potential barriers and enhanced the electron injection efficiency
between the layers. Chuang et al., 2014 [8] synthesized CIS/ZnS
QDs with different Cu/In ratios for white light emitting diodes
and obtained high colour rendering index values of 90. They fur-
ther used these CIS/ZnS QDs as colour converters in combination
with green light-emitting Ba2SiO4: Eu2+ phosphors and blue light-
emitting diodes. Meinardi et al., 2015 [108] used CISe/ZnS QDs as
solar concentrators due to their large absorption cross-sections.
Due to the suppressed re-absorption and high emission efficien-
cies of the quantum dots, they obtained only 3.2% optical power
efficiency. CuInSe2 are highly attractive for bottom cells in tandem
devices, as their bandgap are an excellent match to some of the
best performing hybrid perovskites. Uhl et al., 2016 [109] produced
a molecular-ink route to deposit Cu(In,Ga)(S,Se)2 absorber layers.
Copper-thiourea-chloride complex and an indium–DMSO-chloride
complex were used to control the oxidation states, loss of metals
during processing and to tailor the final composition of the ab-
sorber. CuIn (S,Se) at 1,00 eV and 1,15 eV bandgaps produced 13.0%
and 14.7 % conversion efficiency respectively. With bulk-bandgaps
of 1.87 eV and 1.98 eV for tetragonal ad orthorhombic phases
respectively. AgInS2 have also shown to be promisingmaterials for
photovoltaic applications [110].
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7. Challenges with CIS based QDs

Although the I–III–VI quantum dots have shown greater advan-
tage compared to the traditional II-VI QDs, they are not without
their own challenges, especially their ternary compositions. These
include the narrow band gaps (1.45 eV for CIS QDs) of the bulk ma-
terial, which cannot be fully influenced by quantum confinement
effect. The band gap thus becomes adjustable only within certain
limits even with the incorporation of ZnS shell. CIS QDs have
shown limited shape, composition, and size control, due to their
intricate equilibria in multiple reactions between cation and anion
precursors that exhibit different reactivity’s. Furthermore, due to
the Cu-S bond being weaker than the In-S, substantial variations
in stoichiometry between Cu+ and In3+ during synthesis results
in off-stoichiometry and phase complexity that trigger structural
defects [83,111]. To address the latter, a number of researchers
haveused two stabilizing agents [17,19]. This has beenproved to be
particularly useful in balancing the reactivities of Cu and In as CIS
QDs are able to accommodate large off-stoichiometry by forming
various structural defects, which makes it difficult to obtain pure
phase CIS products [11]. Doping of CIS/ZnS QDs with transition
elements to address some of these challenges and to improve
the optical and electronic properties has been reported. Gd-doped
CuInS/ZnS were reported by Chang et al., 2016 [93] to improve the
magnetic properties of ternaryQDs aswell as CIS/ZnSQYs and their
photo-stability. Whereas, Mn2+ doped CuInS/ZnS QDs have been
reported to provide long-lived and well-resolved peaks [112].

8. Conclusion

The I–III–VI ternary quantum dots (QDs) have seen a burst
in development recently due to their excellent properties such
as tuneable emissions to near-infrared regions, large Stokes Shift
and most importantly their relatively lower toxicity compared to
conventional II–VI QDs. Though several organic synthetic methods
have been reported for thesematerialswith excellent optical prop-
erties however, their bio-application requires further steps such as
surfacemodification, ligand exchange and so on tomake them bio-
compatible. Unfortunately, the final product after these processing
usually have inferior optical properties such as PLQY compared to
the parent material before modification. Direct aqueous synthesis
on the other hand, is more promising for bioapplications apart
from the fact that, it is more economically viable for industrial
commercialization. However, these still facemany challenges such
as multiple PL peaks, blue shifting of the emission position after
passivation and effect of cation and anion precursor reactivity.
All these needs to be addressed by researchers in order to obtain
product with similar or superior properties when compared to
those obtained via organic synthesis. Furthermore, themechanism
behind the photoluminescence properties of these materials still
need thorough investigation for proper understanding especially
now that they are replacing the conventional Cd and Pb based
QDs for bio applications. Nonetheless, the development of NIR
ternary QDs especially CIS and CIS/ZnS quantum dots has brought
a new dawn in the application of QDs particularly their biological
applications for imaging, drug delivery and therapeutic processes.
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