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a b s t r a c t

Copper indium sulfide (CIS) quantum dots (QDs) are one of the newest types of luminescent semi-
conductors with low-toxicity and earth-abundant features. The present work reports the successful
aqueous synthesis of CIS/ZnS core/shell QDs using dual-stabilizing agents of N-acetyl-L-cysteine and
trisodium citrate. Off-stoichiometric QDs with In-rich compositions were found to be very small and
highly emissive after coating by a shell of wide bandgap ZnS. The effect of various experimental pa-
rameters was evaluated to achieve highly reproducible QDs with bright reddish emission. Results
showed a significant contribution of mid-gap defect states in the recombination processes (based on the
gradual increase in absorbance recorded for samples, relatively high Urbach energy, large Stokes shift,
large FWHM value in PL spectra, as well as the long-lived PL decay time). In addition, the chemical
stability of samples was investigated using highly oxidant H2O2 agent and results demonstrate their
superior stability. The combination of low-toxicity, intense and stable emission, along with synthetic
advantages demonstrates that the present aqueous-soluble and emissive QDs can be considered as an
excellent bio-photonic structure suitable for different fields of biological imaging and diagnostics.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

As colloidal semiconductor materials, QDs have introduced
themselves as technologically utilizable sort of nanoscale struc-
tures with unique optical properties, ease of preparation and
control. One of the main constraints on the development of QDs in
many technologies is the unavailability of non-toxic materials
with appropriate properties and performance. Ternary I�III�VI
type semiconductor QDs with the various chemical compositions
are the new frontier for conventional heavy metal-containing QDs
[1]. Among them, copper indium sulfide (CIS) structures with
direct bandgap energy in the bulk of 1.45 eV are very important for
li), evren.mutlugun@agu.edu.
many applications in modern technologies [2]. The combination of
structural-driven optical merit and biological safety introduces
them as technologically favorable QDs for potential applications in
biophotonics [1], photoelectrochemical water splitting [3], pho-
tocatalysis [4], solar cell [5], and white light-emitting diodes [6].
Previous studies have revealed that the intrinsic crystal defects or
internal defects associated with CIS semiconductors are attributed
to their off-stoichiometric properties [7e10]. They can comprise a
large density of non-stoichiometric ions, rather than their II-VI
counterparts. Indeed, the diverse anti-sites (InCu, CuIn), intersti-
tial sites (Cui, Ini) or vacancies (VCu, VIn, VS) are probable defects
created in such structures. These defects would be remarkably
effective on optical characteristics of CIS QDs, and especially the
way in which photoluminescence (PL) processes occur. Chen et al.
have attributed the PL emission peak of the off-stoichiometry
CuInS2/ZnS QDs to the transformation of photon-generated exci-
tons to donor-acceptor pair (DAP) states as Vcu and Incu sites [11].
Klimov’s group exhibited direct pieces of evidence on the key role
of Cu-deficient defect states as intra-gap emission centers for CIS
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QDs [10]. Therefore, offering a simple method to synthesize such
superior emissive QDs is of great interest especially using an
environmentally benign aqueous-based method, because in many
potential applications of ternary QDs, in particular, as luminescent
biomarkers or sensors, they are required to be soluble in polar
solvents such as water [12]. Up to now, various techniques with
different stabilizers have been employed for the straightforward
synthesize of hydrophilic CIS QDs such as reflux [13], hydrother-
mal [14] and microwave-assisted approaches [15]. On the other
hand, in order to enhance their stability in aqueous solution over
wide ranges of pH and ionic strength, the surface of QDs should be
modified. This surface modification will lead to maintaining/pro-
tecting the optical properties of QDs, as well as generating the
functional groups that facilitate the strong conjugation of the QD
surface into proteins, antibodies, aptamers, and oligonucleotides.
In this regard, potent organic molecules such as L-glutathione [16],
and 3-mercaptopropionic acid (3-MPA) [13] have been used for
preparing CIS QDs. Zhang et al. examined several short-chain
thiols involving 3-MPA, mercaptosuccinic acid, L-cysteine, thio-
glycolic acid (TGA), and 1-thioglycerol, but they reported that only
MPA and TGA were feasible to the synthesis of colloidal CuInS2
QDs [17]. N-acetyl-L-cysteine (NAC) is another stabilizer molecule
with a soft base character, which to the best of our knowledge has
not been used for the preparation of CIS QDs so far. Nonetheless, a
wide range of cations utilized in such I-III-VI- type QDs, and the
difference in their chemical reactivity make it difficult to reach
multicomponent QDs without any trace of compositional phase
separation [8]. This is the property related to the acidic/basic na-
ture of species. Therefore, to overcome this problem, it would be
necessary to use second hard base stabilizer molecules to regulate
the growth of QDs by complexing with cations [18]. In this regard,
trisodium citrate can be an excellent stabilizer to compensate the
stabilizing drawback that happens during the synthesis process of
such multinary structures.

Another approach to improve the physicochemical properties of
QDs is the covering of existing core QDs with an additional inor-
ganic shell (with the wide bandgap energy and the minimized
lattice mismatch) [19]. This additional shell can passivate the non-
saturated surface states, confine the charge carriers in core struc-
ture, enhance the emission intensity, and improve their stability.
ZnS can be a valuable choice as an additional shell due to its eco-
friendly characteristics, wide-bandgap of Eg-bulk ¼ 3.6 eV, along
with nearly similar lattice parameters to that of CIS core structure.
Long et al. prepared CIS/ZnS nanocrystals with PL quantum yield of
~26% using glutathione and trisodium citrate (SC) as stabilizing
agents and studied their biosensing potentials [20]. Pan’s group
reported an emission quantum yield up to 38% for CIS QDs upon
ZnS shell coating through a facile way and at the co-presence of L-
glutathione and sodium citrate [18]. In another report, Zhang et al.
synthesized the 3-mercaptopropionic acid-capped ternary
CueIneS (CIS) and quaternary ZneCueIneS (ZCIS) QDs with
different composition ratios via a facile aqueous route [13].

By the simultaneous utilization of NAC and SC (as soft and hard
base species, respectively) in the present work, the highly water-
soluble, emissive, stable, and off-stoichiometric CIS/ZnS QDs were
successfully synthesized. It was found that experimental variables
are highly effective on the optical characteristics of the QDs. Based
on the results recorded, the considerable effect of the donor-
acceptor mid-gap levels in both absorption and emission pro-
cesses were observed. Regarding the simplicity of synthesis strat-
egy, high emission intensity and stability, and low-toxicity of the
as-prepared CIS/ZnS QDs, the present samples can be used for
future biological applications including bio-imaging, cell-tracking,
and even photocatalytic intentions.
2. Experimental section

2.1. Materials

Zn(CH3COO)2.2H2O (Merck, �99%), Cu(NO3)2$3H2O (Merck,
99.9%), In(NO3)3 (Merck, 99.99%), NAC (Merck, �99%), Na3C6H5O7
(trisodium citrate dehydrate, Merck, 99e101%), Na2S.xH2O (Across
organics, 60e63%), CH4N2S (thiourea, Merck, 99%), NaOH (Merck,
�99%), CH3COCH3 (acetone, Merck, �99.8%) were used as received.
Deionized water was also used for all experiments.

2.2. Methods

Initial conditions in this experimentally one-pot/two-steps
method were as follows. First, 75 mL of 1 M indium nitrate (in
ethanol), 0.9 mL of 0.01 M copper nitrate (in water), 0.4 mL of 1 M
sodium citrate (in water) and 8 mg NAC were dissolved in 20 mL
double distilled water. The solution pHwas adjusted to 8 (using 1M
sodium hydroxide). Then, the solution was transferred to a three-
necked flask previously placed in an oil bath. After deaeration us-
ing nitrogen gas, 65 mL of 1 M sodium sulfide was added to stirring
solution (fast injection at room temperature) and the heating
process was started. Next, the reaction solution was refluxed for
45min in a very weak nitrogen atmosphere and at a temperature of
100 �C. The PL emission measurement performed at this step
demonstrated that the bare CIS QDs do not show any emission
signal. After that, a specific amount of ZnS shell precursor solution
(containing 190 mg NAC, 60 mg thiourea, and 170 mg Zn) was
swiftly injected into the stirred solution and heated for extra
45 min. Finally, the solution was cooled down to the lab tempera-
ture. The optical measurements were carried out at this step. On the
other hand, the precipitation process of the colloidal QDs was
performed as follows; acetone was slowly added to the colloidal
QDs until the solution becomes completely opaque. Then, the
resulting colloidal solution was centrifuged at 4000 rpm to obtain
QDs in a precipitate form. The resulting precipitate was dried at
room temperature and used for further experiments. The starting
feed ratio of precursors was In:Cu:NAC:SC:Na2S¼ 1:0.12:0.7:5.4:0.8
in core solution and Zn:NAC:thiourea ¼ 1:1.5:1 in ZnS shell solu-
tion. Aqueous-phase synthesis of QDs and the physical/chemical
quality of the QDs is highly dependent on the experimental vari-
ables. Therefore, the various experimental parameters were opti-
mized and their effects on optical characteristics of CIS/ZnS QDs
were investigated.

2.3. Instruments

The light absorbance properties of the as-prepared QDs were
measured by Cary 300 Bio UVeVis spectrophotometer (VARIAN)
at the wavelength range of 200e800 nm. The PL emission spectra
of as-prepared QDs were recorded using a Cary Eclipse fluores-
cence spectrophotometer (Agilent technology). The crystallinity
of synthesized particles was characterized using a Philips X՚՚pert
diffractometer in the 2q range from 10� to 70�. The size and shape
of the particles were observed under a FEI Talos F200S trans-
mission electron microscope (TEM) at an operating voltage of
150 kV. The size and size distribution of the QDs were also
measured by the dynamic laser light scattering (Zetasizer Nano
series, Malvern Instruments Co.). The chemical composition and
EDX-mapping of samples were obtained by an energy dispersive
X-ray analysis (EDX) instrument (Oxford INCA II energy solid-state
detector). Inductively coupled plasma atomic emission spectros-
copy (ICP-AES; Varian Vista-Pro) was used to determine the exact
composition of Cu-to-In molar ratio at the core/shell QDs. The
time-resolved PL measurements were performed by PicoQuant
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Fluo Time 200 time-correlated single-photon counting system
equipped with a laser excitation source operating at 375 nm
having a 50 kHz repetition rate. Lifetimes of the samples were
collected with Time Harp 260 PICO system. The decay curves were
modeled and amplitude average lifetimes were calculated by
fitting the data with two exponentials using FluoFit software by
PicoQuant Technologies. The calculation of PL emission efficiency
was done based on our previous work [21]. In summary, the for-
mula of {QYQDs¼QYref� (IQDs/Iref)� (ODref/ODQDs)� (n2

QDs/n2
ref)}

was used, where I, OD and n refer to integrated emission intensity,
absorption intensities at the excitation wavelength, and refractive
index of the solvent, respectively. Fluorescein in 0.1 M NaOH was
also used as a reference (QY ¼ 0.79 at the excitationwavelength of
440 nm).

3. Results and discussion

3.1. EDX/EDX-mapping

The chemical composition of the QDs was determined by EDX
and EDX-mapping analysis (Fig. 1). The presence of all expected
species (In, Cu, S, and Zn) is confirmed in the EDX profile of CIS/ZnS
QDs. This also approved in EDX-mapping images. However, as one
can find out, the amount of indium atoms incorporated into the
lattice structure of QDs is very larger than that of copper. This
means that the present multicomponent samples are non-
stoichiometric I-III-VI structures with In-rich composition. Such
compositions are supposed to be better nano-emitters than those
of stoichiometric or Cu-rich I-III-VI compositions [22].

3.2. XRD and TEM

The XRD pattern of CIS core and CIS/ZnS QDs prepared at a re-
action temperature of 100 �C is shown in Fig. 2A. The standard XRD
peak positions of CIS and ZnS were also provided at the bottom of
the Figure. An overlap in the position of core and shell structures is
obvious. Albeit, the XRD peaks are very broad, which are related to
the nanoscale size of the synthesized QDs, it suggests that the
Fig. 1. EDX, and EDX-mapping results
resulting samples correspond to the tetragonal phase chalcopyrite
of CIS structure (ICDD 85e1575). However, there is a slight shift in
the pattern toward higher diffraction degrees which is related to
the coating effect of the ZnS shell layer. As can be seen, the result is
a multi-peak patternwith three broad peaks related to (112), (204)/
(220), and (116)/(312) Miller indices for the CIS, which is well
consistent with results reported by Chen et al. for In-rich compo-
sition [11] or (111), (220), and (311) planes of the cubic ZnS (JCPDS
36e1450). The peak located below 2q ¼ 25� is due to possible or-
ganics remains in powder samples even after purification [23]. Of
course, it should be pointed out that since the pattern is very broad,
it is difficult to determine exactly whether the crystal structure is
tetragonal or cubic.

In order to achieve a direct observation of the shape, size, and
uniformity of the samples, the TEM image of the CIS/ZnS QDs was
obtained. As seen in Fig. 2B, the QDs are well-separated with a
relatively spherical shape. These sizes are comparable to the Bohr
exciton radius for the bulk chalcopyrite CIS (4.1 nm) [2], which
indicates that the quantum confinement regime is effective on the
charge carriers and optical properties of the core/shell QDs. The
TEM image of typical CIS/ZnS core/shell QDs shows an almost clear
lattice fringe with an interplanar spacing of 0.31 nm, which is quite
similar to those reported for (112) lattice fringes in CueIneS and
matching well with the (111) plane of cubic ZnS. This demonstrates
the crystalline nature of core/shell QDs. Fig. 2C further supports the
small size of as-prepared core/shell QDs and shows that upon an
increase at refluxing temperature (60, 80, and 100 �C), the average
size of QDs also increases (~4.5, 6.1, and 6.9 nm).

3.3. UV-Vis and PL emission spectra

The final goal of the present work was to prepare the emissive
CIS-based QDs. However, the PL emission spectrum of the bare CIS
QDs does not show any luminescence signal (see Fig. 3A and B). The
surface defects-related nonradiative-recombination centers might
be responsible for this observation. Therefore, a ZnS shell precursor
solution was added to pre-existing CIS QDs. This lead to the for-
mation of CIS/ZnS type-1 core/shell QDs with strong reddish
for typical CIS/ZnS core/shell QDs.



Fig. 2. (A) XRD patterns of CIS and CIS/ZnS core/shell QDs, (B) TEM image of core/shell QDs and (C) zeta sizer measurements of CIS/ZnS core/shell QDs prepared at different reaction
tempeartures.
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emission. As can be observed in Fig. 3A and B, the strategy used
here dramatically enhances the emission peak intensity by several
hundred-fold at around 638 nm, which is of great interest from
both fundamental and technological perspectives. The reason for
this variation can be associated with a reduction in the
nonradiative-recombination centers due to the successful elimi-
nation of surface trap states of CIS QDs by ZnS coating. Apart from
this alteration, the nature of the luminescence process in CIS QDs is
still under controversy. It has been proved that the dominant PL
mechanisms in I-III-VI semiconducting structures widely differ
from those happen for classical II-VI semiconductors [11,24]. While
the second category has an excitonic-governing recombination
mechanism, the first one shows a defect-governing PL attitude. Yan
et al. have reported that the origin of the PL band emission located
near 642 nm in CIS QDs is attributed to the donor-acceptor electron
transitions [23]. The PL emission QY increased remarkably from 0 to
~18% upon the coating by ZnS shell.

As can be seen in Fig. 3, the full width at half maximum (FWHM)
of the emission peak is about 125 nm (370 meV). This large FWHM
value implies the key role of intra-gap levels in the recombination
process. Most researchers have attributed these observations to the
dynamics of electron-phonon interaction and vibrational relaxa-
tion [25]. However, Fuhr et al. believed that while electron-phonon
coupling for QDs systems (with optically active Cu impurities) is
stronger than typical II-VI QDs, the spectral broadening predomi-
nantly occurs due to the inhomogeneous spatial distribution of Cu
impurities [26]. In order to further demonstrate the key role of mid-
gap energy levels in the recombination process, the time-correlated
single-photon counting (TSCPC) decays of CIS/ZnS core/shell QDs
prepared at different reaction temperatures were carried out
(Fig. 3C) and results were given in Table 1. First, the relatively long-
lived PL decay curves somehow indicate the contribution of midgap
defect levels. Secondly; the multiexponential nature of all profiles
revealed the presence of various radiative pathways. As illustrated
above, the donor-acceptor pair and surface defect-involved re-
combinations are responsible for PL characteristics in such QDs.
Hence, theremight be a combined role of these levels. Finally, based
on the emission kinetics recorded, the average lifetime increased
from 45.1 ns to 127.7 ns as the reaction temperature increases from
60 �C to 100 �C. This observation is quite similar to those reported
by others [27]. Despite the intrinsic donor/acceptor defects (which
play a role of deep trap states), the surface-related defects lead to
the formation of shallow energy levels which are known through
their faster recombination lifetime. At a low temperature of 60 �C,
the PL decay rate is 45.1 nm, which shows the remarkable contri-
bution of surface-defect sites in the recombination of carriers.
However, at higher temperatures, the donor-acceptor levels play a
prominent role and therefore, the PL decay curve of core/shell QDs
shows a prolonged time. This fully aligns with the experimental red
shift of PL emission spectra in Fig. 4A. Therefore, the PL decays
further support the effective role of mid-gap energy levels and
especially the donor-acceptor levels in intense PL emission
observed for as-prepared CIS/ZnS core/shell QDs.

3.3.1. Effect of reaction temperature
Fig. 4A shows the absorption and PL emission spectra of CIS/ZnS



Fig. 3. (top) A schematic of the synthesis procedure at a temperature of 100 �C (the digital image of CIS and CIS/ZnS QDs under 365 nm UV irradiation are also shown). (Bottom) The
PL spectra of bare CIS and CIS/ZnS QDs at the excitation wavelength of 365 nm and TSCPC decays of core/shell QDs at different reaction temperatures.

Table 1
The lifetime components of CIS/ZnS QDs prepared at different reaction temperatures.

A1 t1 (ns) A2 t2 (ns) taverage (ns) (amplitude)

60 �C 131.2 ± 6.85 143.3 ± 6.0 473.4 ± 40.3 17.9 ± 1.6 45.1
80 �C 191.0 ± 8.33 198.6 ± 6.8 473.2 ± 41.2 28.1 ± 2.7 77.1
100 �C 291.8 ± 8.95 263.9 ± 6.4 471.3 ± 36.8 43.5 ± 3.8 127.8
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QDs prepared at various synthesis temperatures. First, a monotonic
and slow-slop increase in the absorbance of all samples somehow
indicates the considerable influence of intra-gap energy levels on
the absorption process. As can be seen, the absorption edge region
for QDs prepared at 60 �C is around 540 nm, and no obvious peak
related to the first excitonic absorption is observed. The absence of
the first exciton absorption peak suggested that the CIS/ZnS QDs
have a small exciton binding energy [23]. By plotting the Lna versus
hn, the curve fitting of its linear portion showed that the absorption
edge of the CIS/ZnS QDs has the form of Urbach tail with the Urbach
energy of about 120 meV. With a Stokes shift of 70 nm, the PL
emission peak of CIS/ZnS QDs prepared at 60 �C is located near 611
nm with an FWHM of about 105 nm. The gradual increase in
absorbance of samples, relatively high Urbach energy, large Stokes
shift, and large FWHM value along with the results obtained from
TSCPC decay curves provide reliable features about the significant
involvement of the mid-gap states on optical properties of the
present QDs. Similar trends also obtained for core/shell QDs pre-
pared at other reaction temperatures. In addition, with increasing
the reaction temperature, the absorption edge moves toward
longer wavelengths, which can be due to the growth of CIS/ZnS QDs
and the increase in their size (As demonstrated in Fig. 2C). This
increase in the size of QDs is accompanied by a reduction in their
bandgap energy. Indeed, the bandgap energies calculated by Tauc
relation [28] were 2.3, 2.15, and 2.10 eV for CIS/ZnS core/shell QDs
prepared at temperatures of 60, 80, and 100 �C, respectively. The
values estimated here are comparable with those reported byWada
et al. [29] and are still highly greater than that of CIS bulk structure.
These results indicated that the main factor affecting the electronic
properties of QDs is the quantum confinement effect. Finally, an
increase at reaction temperature led to remarkable improvement in
PL emission intensity (quantum yield), along with a red-shift in its
peak position. The shift in emissionwavelength from 612 nm to 641
nm is due to the size-driven change in band edge position and
reduction of bandgap energy. Inset of Fig. 4A supports the results of
PL spectra for refluxing temperature, as the prepared CIS/ZnS core/
shell QDs emit different colors from orange to red under UV irra-
diation. Nam et al. have attributed this red-shift in the emission
peak position of their Cu-deficient CIS/ZnS QDs to the efficient
contribution of sulfur and copper vacancy sites that acted as the
radiative-recombination process [9]. They demonstrated that these
defect states are more or less movable along with QD size, as their
energy is near the band edge energies of the CIS host structure.
There is also a remarkable increase in emission intensity, which can
be illustrated as follows; Increase at reaction temperature leads to
the growth of QDs, decrease in the surface-to-volume ratio, and



Fig. 4. The UVeVis absorption and PL emission spectra (lexc ¼ 365 nm) of CIS/ZnS QDs prepared at different, (A) reaction temperatures (Inset: A digital image of colloidal core/shell
QDs under 365 nm/6 W irradiation), (B) solution pH, (C) concentration of core solution, and (D) concentration of shell solution.
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subsequent reduction in the density of surface defects. In other
words, higher reaction temperature results in lower band gap en-
ergy of CIS cores, providing more effective surface passivation by
the ZnS shell with a wide bandgap. These surface defects usually
dictate the non-radiative recombinations and show the fast decay
rate character. Hence, better passivation decreases the non-
radiative recombination possibility of carriers and enhances the
emission intensity. The data reported for PL decay lifetimes
demonstrate our assertion, because they exhibited a longer decay
rate (through donor-acceptor levels) with an increase at the reac-
tion temperature. The best PL emission QY was still 18%.

3.3.2. Effect of solution pH
The effect of solution pH on the absorption and PL emission

spectra of the CIS/ZnS QDs was shown in Fig. 4B. As can be seen, an
increase in pH value (during the preparation of the precursor so-
lution) leads to the blue-shift in the absorption spectrum, and at the
solution pH of 7.4, a broad/non-zero absorption tail is observed in
the long-wavelengths region. However, samples prepared at pH ¼
8.6, 9.2, and 9.8 show exactly similar absorption spectra. The results
recorded for PL emission spectra showed that the emission in-
tensity completely quenched at pH ¼ 9.8 (It should be pointed out
that the intense/sudden increase in emission intensity for some of
PL spectra is related to second harmonic generation of the lexc ¼
365 nm). This obvious decrease in emission intensity at pH of 9.8
might be ascribed to the formation of surface defects, which leads
to the most probability of the nonradiative recombination
processes [30]. Furthermore, Mei et al. have reported similar results
for decreasing emission intensity at high pH values in the synthesis
of CIS/ZnS QDs [15]. They attributed this observation to the diffi-
culty in forming the ZnS shell at high pH values, which results in
poor passivation of surface defects and thus lower emission in-
tensity. On the other hand, despite a significant change in the ab-
sorption spectra, the wavelength of the emission peaks kept
unchanged. These important observations indicate that intra-gap
energy levels play a key role in the recombination processes of
the as-prepared QDs. The best PL emission QY of core/shell QDs at
this step was 18%.

3.3.3. Effect of core and shell precursor solutions’ concentration
In order to examine the effects of precursor’s concentration on

the optical properties of the as-synthesized QDs, the amounts of
the core ([Cu þ In]) and shell ([Zn]) precursors were changed. As
shown in Fig. 4C, with a decrease in the amount of core precursors,
the absorbance of CIS/ZnS QDs in the short wavelength region
decreased. Since the value of absorbance cautiously indicates the
concentration of QDs in the colloidal solution, a reduction in its
value can be attributed to a decrease in the concentration of QDs
[31]. Despite this, Lunz et al. attributed these effects to F€orster
resonant energy transfer (FRET) from smaller to larger QDs within
the ensemble [32]. For as-prepared CIS/ZnS QDs, with increasing
the concentration of core solution a non-linear trend at the emis-
sion intensity has occurred and the best result obtained at the
amount of 42 mmol for the core precursor. There is also an overall
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blue shift from 641 nm to 620 nm in 42 mmol of core precursor. The
optimized PL emission QY of QDs at different core concentrations
was ~23%.

As already shown, the presence of the ZnS shell has a mean-
ingful effect on the PL characteristics of CIS QDs. In the next step,
using an initial 42 mmol of the core precursor solution, at pH ¼ 8
and refluxing temperature of 100 �C, the amount of utilized ZnS
shell precursor was adjusted to different values (0.06, 0.12, 0.18,
0.24, and 0.30 mmol). As shown in Fig. 4D, all the absorption
spectra are quite similar indicating that the amount of shell solu-
tion does not influence the absorption process of CIS/ZnS QDs. On
the other hand, the highest intensity of PL emission was obtained
for the QDs prepared using 0.12 mmol of shell precursor amount.
Further increase in the amount of shell precursor resulted in a
decrease in the emission intensity. The best PL emission QY
calculated at this step was still near 23%.

3.3.4. Effect of precursors’ feeding ratio

3.3.4.1. SC:In molar ratio. A vital factor governing the quality, sta-
bility, and dispersibility of QDs in colloidal solutions is the presence
of capping or stabilizing agent molecules and their amounts. As
shown in Fig. 5A, here, we found out that the presence of only one
type of conventional thiol molecules (NAC) is not adequate to reach
high-quality CIS/ZnS QDs. The SC is a long chain molecule with
promising features in the preparation of such multi-component I-
III-VI QDs [33,34]. Even at the low amount of SC (SC:In ¼ 0.7:1), no
emission signal was observed and a non-trivial absorbance
Fig. 5. The UVeVis absorption and PL emission spectra (lexc ¼ 365 nm) of CIS/ZnS QDs pre
Na2S:In.
appeared at long-wavelengths. Indeed, at this molar ratio, the
colloidal solution turned opaque and aggregation of QDs was
clearly observed, indicating the necessity for utilizing SC at higher
levels. It may control the comparative reactivity of Cu and In cations
and provide a suitable situation for the growth of well-structured
QDs. Nonetheless, the absorption spectra of CIS/ZnS QDs prepared
with other amounts of SC are quite similar. The best PL emission
intensity was obtained at SC:In feeding ratio of 1.4:1. The best PL
emission QY of core/shell QDs at this step was ~24%.

3.3.4.2. NAC:In molar ratio. In the present study, in addition to SC,
NAC thiol molecules were used to cap the surface of QDs. According
to the results shown in Fig. 5B, all the absorption spectra are similar,
indicating that the amount of NAC capping molecules does not
influence the size and band edge position of CIS/ZnS QDs. None-
theless, the colloidal CIS/ZnS QDs prepared at NAC:In molar ratio of
1.4:1 shows the highest emission intensity along with a small blue
shift in the position of emission peak compared to low amounts of
NAC (from 618 to 612 nm). After optimizing the NAC content, the PL
QY was estimated again. It showed a slight increase to ~27%.

3.3.4.3. Cu:In molar ratio. The absorption and PL emission spectra
of CIS/ZnS QDs prepared at different Cu:In feeding ratios (0.7:100,
3:100, 6:100, 12:100, and 18:100) were recorded, and have been
shown in Fig. 5C. As can be seen, an increase in the copper amount
(while indium amount remained constant) is accompanied by an
obvious red-shift in the absorption spectrum and the absorption
pared at different feeding ratio of precursors; (A) SC:In, (B) NAC:In, (C) Cu:In, and (D)
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edge wavelength. The calculation of the bandgap energy using
Tauc’s equation showed that with an increase in Cu:In molar ratio
(from 0.7:100 to 18:100), the bandgap energy of the prepared
samples is varied from 2.7 to 1.9 eV. This wide tunability in bandgap
energy can be attributed to the alteration in the chemical compo-
sition of the as-prepared CIS multicomponent QDs. On the other
hand, despite the high dependence of the intensity of the PL
emission spectra on the increase in the Cu:In molar ratio, a gradual
Fig. 6. The UVeVis absorption and PL emission spectra (lexc ¼ 365 nm) of CIS/ZnS QDs p
precursors in shell solution.

Fig. 7. (A) The UVeVis absorption and PL emission spectra (lexc ¼ 365 nm) of CIS/ZnS QDs pr
the optimized QDs at different volumes of H2O2 solution; 25 mL, 75 mL, 500 mL.
red-shift occurs at the position of the emission peaks from ~594 nm
to ~616 nm [9]. These results imply the remarkable contribution of
midgap donor-acceptor energy levels in radiative recombination
processes. The PL quantumyield of as-prepared QDs increases up to
27% at Cu:In molar ratio of 12:100 and then decreased. In addition,
regarding the low concentration of Cu ions the ICP-AES measure-
ments were performed to give a better understanding of the exact
Cu:In ratios in QDs’ structure. The real amounts for Cu:In feeding
repared at different; (A) Zn amount, (B) Zn:NAC, and (C) Zn:thiourea feeding ratio of

epared at different reaction times for ZnS overcoating. (BeD) Changes in PL intensity of
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ratios of 0.7:100, 3:100, 6:100, 12:100, and 18:100 were 0.51:99.49,
2.03:97.97, 4.84:95.16, 10.12:89.88, 15.64:84.36, respectively. As can
be seen, the incorporated amount of Cu is slightly lower than the
initial amount and increases with an increase in the Cu-to-In ratio.

3.3.4.4. Na2S:In molar ratio. The presence of sufficient anion sites
to create a well-structured lattice is always of great importance in
the colloidal phase synthesis of QDs. Therefore, the effect of the
Na2S:In molar ratios on the optical properties of CIS/ZnS QDs was
investigated (see Fig. 5D). There are two main observations. First,
with increasing Na2S content, the overall red-shift in absorption
edge wavelengths is observed. It could be due to the change in the
chemical composition of the CIS/ZnS QDs via the formation of Cu-
rich QDs at a high molar ratio of Na2S:In. Although there is an
enormous difference in the solubility products of In2S3 (Ksp ¼ 5.8 �
10�74) and CuS (Ksp ¼ 6.3� 10�36) [35], in a relatively large amount
of Na2S, the Cu cations can also react with S2� ions and readily
incorporated into the crystal structure of CIS/ZnS QDs. In the other
words, at a specific molar ratio of Cu:In (12:100), an increase in the
amount of Na2S is accompanied by a more effective contribution of
Cu cations in the lattice of CIS/ZnS QDs. This leads to a reduction in
the bandgap energy and a red-shift in the absorption edge. Sec-
ondly, there is an obvious increase in the emission intensity with an
increase in the amount of Na2S. It could be due to the formation of
more CIS/ZnS QDs at the large enough amounts of Na2S. It is also
clear that the lowest amount of sulfide ions results in a very weak
emission peak, demonstrating the importance of high-enough
amounts of anion sites presented in the lattice structure of CIS/
ZnS QDs.

3.3.5. Effect of precursors’ molar ratio in ZnS shell solution.
The effect of precursors molar ratio used in ZnS shell solution on
optical properties of CIS/ZnS QDs was also studied. The results have
been shown in Fig. 6. As has been shown, the change in the amount
of shell constituent precursor solution has no effect on the ab-
sorption spectrum, while the best PL emission results obtained at
the Zn:NAC:thiourea molar ratio of 1:1:1. After evaluating the ef-
fects of Na2S concentration and shell molar ratio, the maximum of
PL QY was still 27%.

3.3.6. Effect of shell over-coating duration. The final optimization on
the shell over-coating process was carried out by changing the
duration of reaction time. Fig. 7A shows that an increase in the
duration of the shelling process did not cause any change in the
absorption spectra, while it accompanied with an enhancement in
the emission intensity of the PL spectra, up to 315 min. The PL
emission quantum efficiency of the final optimized sample is esti-
mated to be about 30%, which is a very good value for aqueous-
based I-III-VI QDs prepared at relatively low temperature and
short reaction time.

3.3.7. Colloidal stabilities of QDs. The long-term stability of the
fluorescent QDs in bio-imaging applications is of vital importance,
which encourages researchers to concentrate on it. Therefore, after
optimizing the optical properties of the as-synthesized CIS/ZnS
core/shell QDs, their chemical stability was investigated. The sta-
bility test of the samples against chemical corrosionwas performed
by rapid adding 25, 75, and 500 mL of H2O2 stock solution (H2O2

solution 3%) to 2mL of CIS/ZnS QDs solution. Fig. 7B, C, and 7D show
that depending on the volume of H2O2 added, there are different
trends in emission intensity of CIS/ZnS QDs. For 500 mL of H2O2
(which is a very high concentration relative to other reports
[36,37]), the intensity of the emission peak reduced to zero after 5
min.While for 75 and 25 mL of H2O2 solution, the emission intensity
decreased to zero after 18 and 28 min, respectively. These results
support the high stability of QDs in aqueous solution, indicating
their suitability for real applications in biology.

4. Conclusions

In the present work, the utmost attention was paid to introduce
a simple, versatile and cost-effective colloidal strategy for prepar-
ing aqueous-soluble, high quality and strongly luminescent CIS/ZnS
QDs with low-toxicity character. NAC and SC were used as dual-
stabilizing agents to make optically and chemically stable QDs
with bright red emission. TEM image showed that the samples
were composed of well-distributed small size QDs with a relatively
spherical shape, which demonstrated the dominance of strong
confinement regime on the charge carriers and optical properties of
the QDs. The PL decay profiles proved the remarkable role of mid-
gap levels in the recombination process. The optimization of
experimental variables also showed their considerable effects on
luminescent characteristics of CIS/ZnS QDs. It was found that
without a ZnS shell layer, the bare CIS QDs have no luminescent
emission. On the other hand, the reaction temperature, solution pH,
the amounts of SC, Cu, and Na2S have the major effects on the PL
emission intensity of as-prepared samples. The results obtained in
this work, highlight the great potential of the as-prepared CIS/ZnS
core/shell QDs from both physicochemical and technological
perspectives.
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