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Multiternary quantum dots (QDs), because of the large degree of freedom in their structure and composition, have a wide 

tunablity in their bandgap but also exhibit the increased uncertainty and complexicity in their optical properties. In this 

work, we synthesized the ternary Cu-In-S (CIS) and quaternary Zn-Cu-In-S (ZCIS) QDs with different composition ratios via a 

facile aqueous route. The CIS QDs show multi-peak photoluminescence with their peak intensity dependent on the Cu:In 

ratio, which was illustrated using a donor-acceptor pair recomibination process. Upon incorporation Zn into the CIS QDs 

under similar condition, the acquired ZCIS QDs exhibit blue-shifted photoluminescence (PL) spectra with enhanced 

emission intensity and narrowed spectral width (~100 nm). A comparative study reveals that, reducing the Cu:In ratio in 

the CIS QDs and increasing Zn content in the alloyed ZCIS QD are both feasible strategies for bandgap engineering, 

although the influences on optical properties of the QDs were different. The XRD and EDX spectra revealed that the 

widening of the bandgap of the ZCIS QDs was correlated to the alloyed nanostructures and the preferentially substitution 

of Cu by Zn. Compared to the Cu:In ratio variation, incorporation of Zn into CIS QDs is an effective strategy to achieve a 

more homogeneous absorption band and a wide range of emission wavelength tunability. After ZnS shell coating, the 

ZCIS/ZnS QDs show a further enhanced PL intensity with prolonged fluorescence lifetime. Unlike CIS QDs, the blue shift in 

PL upon the shell growth was not pronounced for ZCIS QDs, for which a surface reconstruction mechanism was proposed 

and discussed. Finally, the as-prepared ZCIS/ZnS QDs were employed for in vitro cell imaging and exhibted good 

biocompatibility to macrophage cells.  

                                      

1. Introduction  

Colloidal quantum dots (QDs) have found widespread 
biomedical applications since 1998 owing to the rapid 
development of colloidal synthesis and functionalization 
methods.1-6 However, most of the high-quality QDs developed 
so far are composed of heavy metal elements including Cd, Pb, 
As, and Hg. These heavy metal elements raise tremendous 
concerns to the biomedical community about the toxicity of 
these QDs,7, 8 especially if the heavy metal ions are released 
from the degraded QDs during in vivo or clinical applications.9 
Development of QDs composed of less toxic compositions, 
such as InP, CuInS2, Ag2S, Si and C-based QDs, is a potential 
strategy to deal with the heavy metal-related toxic effects.10-14 
Unfortunately, preparation of Cd-free QDs having comparable 
optical properties with the conventional QDs remains a 

challenge to date. For example, the size-tunable emission 
covering the whole visible range is typically no longer a 
characteristic property of some Cd-free QDs. 15, 16 For this 
reason, other strategies are required to be developed to adjust 
the bandgap or tune the emission wavelength of the Cd-free 
nanocrystals. Additionally, in comparison to the low-cost and 
greener aqueous method for Cd QDs preparation,17 most of 
the synthesis procedures of Cd-free QDs are much trivial, due 
to the need for high reaction temperature, volatile and 
hazardous ligands or pyrophoric precursors.18, 19  

To make the bandgap and emission wavelength of the 
QDs more adjustable, multi-ternary semiconductor materials 
have been studied due to their large degree of freedom in 
composition and lattice structure.20 For example, by 
substituting the Zn(II) atoms in ZnS with Cu(I) and In(III) atoms, 
the ternary Cu-In-S (CIS) preserve the semiconductor 
properties but narrowing the bandgap from 3.68 to 1.55 eV.21 
For Zn-Cu-In-S (ZCIS) preparation, substitution of the Cu and In 
atoms partly by Zn atoms could result in bandgap energy that 
lies between CIS and ZnS (2.34 eV for CuInZn2S4

20).22 Owing to 
their large tolerance of element off-stoichiometry, the 
bandgap of CIS and ZCIS could be further adjusted by tuning 
composition ratio.23, 24 Based on these bandgap adjustment 
strategies, researchers have already developed CIS and ZCIS 
QDs with emissions tunable from visible to near-infrared 
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region.23, 25 However, as the structural and composition 
freedom increases, more configurations and impurity phases 
tend to coexist in the multi-ternary materials. Based on the 
calculational results, small deviation of the element 
stoichiometry will generate secondary phases (e.g., CuS, Cu2S, 
ZnS) and other impurity phases (e.g., vacancies, institutes) in 
quaternary materials.26, 27 Correspondingly, multi-peak or 
broad PL profiles for the CIS and ZCIS QDs have been observed 
in many reported experimental works,28, 29 which suggest the 
coexistence of the multi-phases or the inhomogeneity of 
composition. Moreover, the poor comparability of the optical 
properties and crystal structures of CIS or ZCIS QDs reported in 
different studies also imply the complexity and uncertainty of 
the making of multi-ternary nanocrystals. Therefore, when 
developing different synthesis methods for preparing these 
multi-ternary nanocrystals, a systematic investigation is 
needed to understand the effect of the composition ratio on 
their optical and structural properties.  

Hot colloidal synthesis method has successfully developed 
to prepare CIS and ZCIS QDs in organic phase at temperatures 
of 200-250 ºC.23, 30 On the contrary, only handful studies 
reported preparing CIS QDs in aqueous solvent at a relatively 
low temperature around 95-150 ºC.31-33 The aqueous synthesis 
method usually requires inexpensive precursors and a simpler 
synthesis setup. More importantly, using water as the reaction 
medium minimizes the toxicity issue associated with organic 
solvent evaporation. Furthermore, the as-synthesized QDs are 
water-dispersible and can be directly used for biological 
applications after careful washing. Comparatively, the CIS and 
ZCIS QDs prepared in organic phase need to be transferred 
into aqueous phase. Since these CIS and ZCIS QDs are capped 
with oleic acid and organothiols, it is difficult to make them 
water dispersible by ligand exchange. On the other hand, 
phase transfer via encapsulation method usually result in 
nanoparticle agglomeration or significant size increase.34-36 
Nowadays, the aqueous synthesis method for Cd-based QDs 
has been well developed, and optical properties of the QDs are 
comparable with the ones synthesized in organic solvent.37-39 
On the contrary, synthesis of aqueous CIS QDs is still in their 
infancy stage. Some of the QDs exhibit no PL or low PL 
efficiency with untunable emission wavelength,31 while 
improvements have been made and reported in recent 
works.32, 33 Zn alloying is expected to strengthen the crystal 
structures and eliminate the defects of the CIS QDs. Although 
controlling of the bandgap and optical properties by varying Zn 
concentration has been demonstrated in the organic 
method,40, 41 As far as we know, only one manuscript has 
reported the aqueous synthesis of ZCIS QDs. In the work, 
bright Cu doped In-Zn-S QDs were prepared using autoclave at 
150℃C for 23 h.42 To our best knowledge, no work has been 
reported on ZCIS QDs preparation via a low-temperature water 
bath route. Compared to hot colloidal synthesis method 
requiring high temperature treatment in the presence of 
argon/nitrogen or autoclave method requiring high 
temperature and pressure treatment, the set-up of water bath 
route is simpler, and the process is greener.  

In this work, we employed a quick and facile aqueous 

phase synthesis method to prepare the ternary CIS and 

quaternary ZCIS QDs. The CIS QDs show multi-peak 

photoluminescence with their peak intensity dependent on 

the Cu:In ratio. Compared to these CIS QDs, the ZCIS QDs 

synthesized under similar condition exhibit enhanced PL and 

narrower spectral widths within certain range of Zn content. 

The evolution of absorption and emission spectra of the ZCIS 

QDs when changing the Zn contents were analyzed and 

correlated with their structural and compositional properties. 

Based on our results, the influence of Cu:In ratio and Zn 

content on the optical properties of the QDs was compared 

and discussed. Next, the deposition of ZnS shell on ZCIS QDs 

resulted in further enhanced PL intensity together with 

lengthened fluorescence lifetime of the QDs. Finally, the 

resulted ZCIS/ZnS QDs were applied for cell imaging and these 

nanocrystals showed low toxicity to macrophage cells. 

2. Experimental 

2.1 Materials 

Copper(II) chloride (CuCl2, 99%), indium(III) chloride 
tetrahydrate (InCl3 • 4H2O, 97%), zinc acetate (Zn(OAc)2, 

99.99%), 3-Mercaptopropionic acid (MPA, ≥ 99%) and 
ammonium hydroxide solution (NH4OH, 28.0%-30.0%) were 
purchased from Sigma-Aldrich. Sodium sulfide hydrate 
(Na2S•xH2O, 60-62%) was obtained from ACROS Organics. All 
chemicals were used as received. Deionized water (DI water, 
18.2 MΩ•cm) was used throughout the experiment.  

2.2 Synthesis of CIS/ZnS QDs. 

In a typical procedure for synthesizing Cu-In-S(CIS) QDs with a 
Cu:In ratio of 0.6, aqueous solution of InCl3 (0.025 mmol) was 
mixed with MPA (0.2 mmol) in 20 mL of DI water and the pH 
was adjusted to 9 using NaOH. Afterwards, 0.5 mL of 
ammonium hydroxide solution of CuCl2 (0.015 mmol) with 
MPA (0.3 mmol) were added to the solutions. Subsequently 
the Na2S solution (0.04 mmol) was injected into the mixtures 
at room temperature. The reaction mixtures were heated to 
100˚C and kept at this temperature for 45 min. Then, 0.25 mL 
of 0.04 M Zn(OAc)2 and 0.25 mL of 0.04 M Na2S solutions were 
slowly injected into the reaction mixtures for four times to 
obtain CIS/ZnS QDs. The QDs were washed with ethanol at a 
volume ratio of 1:2 before use. To synthesize the CIS /ZnS QDs 
with different Cu:In  ratios,  the feed ratio of Cu:In was 
adjusted from 0.07 to 1.33 while the amount of MPA was set 
at the moles of 20 Cu + 8 In.  

2.3 Synthesis of ZCIS/ZnS QDs 

In a typical synthetic reaction of Zn-Cu-In-S(ZCIS) QDs with Zn 
content of 30% and Cu:In ratio of 0.6, Zn(OAc)2 (0.012 mmol) 
and InCl3 (0.0175 mmol) were mixed with MPA (0.164 mmol) 
in 20 mL of DI water. The pH value of the mixture was adjusted 
to the range of 9-10 by adding NaOH. Then, 0.03 M ammonia 
solution of CuCl2 (0.0105 mmol) with MPA (0.21 mmol) were 
injected in the mixtures. Afterwards, Na2S solution (0.04 
mmol) was added in the solutions and the reaction solution 
was heated to 100 ˚C. Following the growth of the QDs at 
100˚C for 40 min, the ZnS shell was coated on the ZCIS QDs. 
Before use, the QDs were washed with ethanol. The ZCIS/ZnS 
QDs with different Zn content could be obtained by varying the 
feed ratio of Zn: (Cu+In) while keeping the gross amount of the 
metal precursors at 0.04 mmol. The amount of MPA was set at 
the moles of 20 Cu + 8 In + 2 Zn.  

2.4 Characterization  
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Transmission electron microscopy (TEM) images were 
obtained using a FEI TecnaiTM microscope operating at 200 kV. 
The absorption and photoluminescence (PL) spectra of the 
synthesized QDs were collected using a UV-2450 spectrometer 
(Shimadzu) and a Fluorolog-3 Fluorometer (HORIBA Jobin 
Yvon, Edison). To determine the quantum yield (QY) of the 
samples, CdSe QDs in chloroform was firstly measured as a 
reference sample. QY of CdSe QDs was calculated by 
comparing the integrated emission with that of the Rhodamine 
6G in ethanol under 480 nm excitation. The QY of the 
synthesized QDs were then determined by comparing with the 
CdSe QDs at same excitation wavelengths. Energy dispersive X-
ray spectroscopy (EDX) was performed using a JSM-5600LV 
scanning electron microscope equipped with EDX detector. 
Samples are carefully washed before measurement. The 
powder XRD patterns of the QDs were recorded on a Siemens 
D5005 X-ray diffractometer. The luminescence decay curve 
was obtained using a DCS-120 Confocal Scanning Fluorescence 
Lifetime Imaging System (Excitation wavelength: 375 nm, 
Repetition rates: 20 MHz). Hydrodynamic diameter of the QDs 
was measured using 90Plus particle size analyzer (Brookhaven 
Instruments) using DLS technique. 

2.5 Cell imaging and cell viability studies  

RAW264.7 macrophages were cultured in DMEM 
supplemented with 10% fetal bovine serum (FBS, Hyclone), 
penicillin (100 μg/mL, Gibco) and streptomycin (100 μg/ml, 
Gibco) at 37 °C with 5% CO2. For cell imaging study, the cells 
seeded on to a 6-well plate were incubated with 30% ZCIS/ZnS 
QDs for 4 h. Afterwards, the treated cells were washed with 
PBS buffer for three times and fixed using the 4% 
formaldehyde solution. The nuclei of the cells were stained 
with 4′,6-Diamidino-2-phenylindole dihydrochloride (DAPI, 
Sigma). The cell viability of RAW264.7 macrophages treated 

with QDs was performed using MTT ((3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide, Life Technologies) assay. 
Cells seeded in 96-well plates were incubated with 30% 
ZCIS/ZnS solutions with different concentrations for 24 h. 
Afterwards, 20 μL of MTT solution (5 mg/mL) was added to 
each well. After another 4 h of incubation, the solution in the 
wells was removed and the purple precipitate was dispersed in 
150 μL of dimethyl sulfoxide (DMSO, Sigma). The absorbance 
of the solution in the wells was measured with a Bio-Rad 
microplate reader at a wavelength of 490 nm. The cell viability 
was calculated by normalizing the absorbance of the sample 
wells to that of the control wells. 

3. Results and discussion 

3.1 Effect of Cu:In ratio on the optical properties of Cu-In-S （（（（CIS））））

QDs 

CIS QDs with less structural complexity were firstly synthesized to 

provide guidance for the study of ZCIS QDs. Because ternary CIS 

structures could accommodate large off-stoichiometry 23 by forming 

the antisites (InCu, CuIn), interstitial sites (Cui, Ini) or vacancies (VCu, 

VIn, VS), the diversity of the CIS lattice structures facilitate 

continuous tuning of the optoelectronic properties, which, on the 

other hand,  also raise difficulty in generating CIS products with a 

pure phase. In comparison with their bulk counterpart, this 

challenge is more pronounced for CIS QDs materials, because the 

QDs are so small that even fewer defects or impurity phases could 

introduce great difference in their properties.43 For this reason, 

varied optical properties and crystal structures have been reported 

when the synthesis conditions were slightly changed. In this work, a 

facile synthesis method was optimized in aqueous solution at a 

Figure 1. Characterization of CIS QDs. (a) Representative TEM image, size distribution (upper inset) and FFT pattern (lower inset) of CIS QDs 
with a Cu:In ratio of 0.6. (b) Absorption and (c) photoluminescence spectra (450 nm excitation) of CIS QDs with respect to Cu: In feed ratio 
of 0.07-1.33, as given in the legend. (d) Photoluminescence spectra of the same CIS/ZnS QDs. (e) EDX determined Cu:In ratio in the 
synthesized CIS QDs as a function of their corresponding feed ratio (dash line). (f) and (g) QY of the CIS and CIS/ZnS QDs within the range of 
470-600 nm and 600-880 nm. 
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growth temperature of 100 oC. The Cu:In feed ratio was studied in a 

range of 0.07-1.3, and the amount of the stabilizing ligands (MPA) 

was optimized to achieve high PL efficiency and colloidal stability. 

EDX measurements determined the Cu:In ratio in the final QD 

products, which shows an increasing trend when elevating the Cu:In 

feed ratio (Figure 1e). High-resolution TEM images (Figure S1) and 

TEM images (Figure 1a) reveal that the as-prepared CIS QDs are 

highly crystalline. And the sizes are estimated to be 4.5 ± 0.7 nm 

(Figure 1a, upper inset). The interplanar spacings measured from 

its FFT pattern are 0.32 nm and 0.20 nm, consistent with the (112) 

and (204) faces of the tetragonal CIS phase (JCPDS 27-0159) 

determined by the XRD pattern (given and discussed later in Figure 

3). As can be observed in Figure 1b, absorption spectra of the QDs 

shifted to shorter wavelengths in the range of 400-700 nm as the 

Cu:In ratio decreases, indicating widening of the bandgap under a 

Cu-poor condition.29, 44 On the other hand, the absence of distinct 

exciton features in absorption spectra can be attributed to joint 

effect of broad size distribution, irregular composition distribution 

and existence of various intra-band-gap states 45. As shown in 

photoluminescence spectra (Figure 1c), the prepared QDs exhibit a 

broad emission centered at ~700 nm accompanied with a narrow 

emission at 532 nm. As the Cu:In feed ratio increases from 0.07 to 

1.33, the emission at 700 nm was firstly enhanced and then reached 

a maximum value at Cu:In=0.6, while further increasing the Cu 

component will lead to a PL QY decrease (Figure 1g). On the other 

hand, elevating the Cu:In feed ratio caused a decrease of the 532 

nm emission intensity (Figure 1f). Previous reports on CIS QDs 

synthesis have shown wide variations of their PL properties. Some 

research groups have obtained deep red-emitting CIS QDs (650-700 

nm)29, 31, 45 while others observed the emissions can be extended to 

the near- infrared range of 700-800 nm.28, 44  Moreover, in a recent 

work, aqueous CIS QDs have also been prepared with yellow-green 

emission peaks at 530 nm.32 Typically, the red-NIR emission was 

attributed to the donor-acceptor pair (DAP) transition, where 

InCu/VS and VCu served as donor and acceptor, respectively. 

Considering the energy level of the defect states, the deep red 

emission was most probably caused by the transition from the 

conduction band or VS to VCu, while the NIR emission may originate 

from the InCu-VCu transition.29, 45 According to Chen at al., optimized 

PL emission of CIS QDs was achieved at Cu:In=0.7, which was 

thought to be an optimal ratio for accommodating maximum InCu-

VCu pairs.23 A similar result was obtained in our work, as the 

maximum intensity of 700 nm emission was obtained at a Cu:In 

feed ratio of 0.6. Based on the above discussion, the 700 nm 

emission here should be mainly attributed to the DAP transition of 

the InCu-VCu pairs. The mechanism for the green emission at 532 nm 

is not clear. Because the green emission becomes prominent at a 

Cu-poor and In-rich condition, it may originate from the band-edge 

transition or defect related emission of InxSy species. A similar 

property has been observed in In2S3 nanospheres or thin films.46-48  
 

After deposition of an additional ZnS shell layer coating 

over the CIS cores, the QY of the red emission of the obtained 

CIS/ZnS QDs was 6-8 fold enhanced and the peak wavelength 

was blue-shifted by 8-45 nm (Figure 1g). The significant PL 

enhancement can be attributed to passivation of the surface 

defects by the ZnS shell. As for the pronounced blue shift, 

several mechanisms were proposed including the 

interdiffusion of Zn and surface reconstruction. Interdiffussion 

of Zn, which often proceeds via cation exchange, in presence 

of free Zn precursors and at a high temperature.34, 49

 

Figure 2. (a) TEM image, size distribution (upper inset) and HRTEM image (lower inset) of 30% ZCIS QDs. (b) Absorption and (c) 

photoluminescence spectra of ZCIS QDs with 0-70%  Zn content. 
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 Considering the relatively low temperature (100  ̊C) applied in our 
method, the interdiffusion was unlikely to take place. 11, 50 Surface 
reconstruction involves partially cation exchange and crystal 
deformations at the core-shell interface. Although Zn is not 
expected to diffuse into the core, it may replace Cu and In on the 
core surface. Since a large proportion (~30%) of atoms are located 
on the surface for a CIS QD of 5 nm diameter,51 this partial cation 
exchange process may have an impact on the emission wavelength. 
Crystal deformation is suggested as another possible cause for the 
PL blue shift. Because of the difference in lattice parameters 
between CIS (a= 5.523 Å) and ZnS (a=5.406 Å), compressive 
straincan appear on the CIS core after shell coating, which will lead 
to a widening of the bandgap.52, 53  In a recent report, Kraatz et al. 
investigated the PL mechanism of hydrophobic CIS/ZnS QDs and 
attributed the PL donor as InCu rather than the VS or conduction 
band.54 The VS to VCu transition were considered to make a 
contribution to the PL of CIS core QDs while this recombination 
pathway should be suppressed in CIS/ZnS QDs.  

3.2 Effect of Zn content on the optical properties of Zn-Cu-In-S 

(ZCIS) QDs  

As for the proposed ZCIS QDs preparation, different amounts of the 

Zn precursor were added in reaction solutions while the Cu:In feed 

ratio was fixed at 0.6. From the TEM image (Figure 2a and lower 

inset), the synthesized ZCIS QDs are crystalline and monodisperse 

nanocrystals with an average size of 4.9 ± 0.6 nm (Figure 2a, upper 

inset). The absorption and emission spectra of the synthesized ZCIS 

QDs were analysed and correlated with compositional and 

structural characterization. As shown in Figure 2b, absorption 

spectra of the ZCIS QDs gradually shifted to shorter wavelengths 

with increasing Zn content. The blue-shift of the absorbance profile 

indicates widening of the bandgap as a result of the Zn 

incorporation.29 In a recent report by Pan et al., the bandgap of ZCIS 

nanocrystals with varying Zn content has been described and 

predicted as a function of the bandgaps of the CIS and ZnS 

compounds.21 In this work, an alloyed structure of our QDs was 

investigated using XRD spectroscopy. Figure 3 shows the XRD 

spectra of the synthesized CIS and ZCIS QDs. The XRD peaks of the 

CIS QD samples are compatible with the typical diffraction peaks of 

the tetragonal CuInS2 pattern (JCPDS 27-0159). When Zn was 

 Figure 3. X-ray diffraction patterns of CIS QDs, 10% ZCIS QDs, 

50% ZCIS QDs and CIS/ZnS QDs. 
 

 introduced at a content ratio of 10%, the diffraction peaks of the 

nanocrystals shifted to larger angles and lied between those 

patterns of CuInS2 and ZnS (JCPDS 05-0566). A more significant 

right-shift can be observed when the Zn content increased to 50%. 

On the contrary, shift of the spectra was not that apparent in 

CIS/ZnS QDs, although the Zn feed content was same as that of the 

ZCIS QDs (Zn=50%). The continuous shift of XRD spectra in ZCIS QDs 

was attributed to the incorporation of Zn in the CIS crystal lattice.22, 

55, 56 As suggested by EDX measurements, the Cu:In ratio reduced as 

a result of the Zn incorporation, which may also have contributed to 

the blue-shift of the absorbance spectra. According to EDX results 

(representatively shown in Figure 4a) summarized in Table S1,

Figure 4. EDX analysis of the synthesized ZCIS QDs. a) A typical EDX spectrum of 30% ZCIS QDs. b) EDX showing the Cu:In ratio 

and Zn proportion (solid line) in the synthesized ZCIS QDs as a function of their corresponding feed ratio (dash line). 
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the proportion of Zn in the QDs are approximated to the Zn 

precursors feeding ratio (Figure 4b, red 

line), while the Cu:In ratio showed a decreasing trend as the Zn 

content increased (Figure 4b, black line). This phenomenon reveals 

that, when forming the ZCIS alloyed structure, the Cu sites are more 

preferable than the In sites to be occupied by Zn atoms. The 

asymmetric substitution is a result of energetically favorable 

formation of ZnCu substitutes and the weaker strength of the Cu−S 

bond as compared to the In−S bond.29, 57, 58   

As for PL emission spectra, a significant enhancement of PL 

intensity was observed when the QD was incorporated with 10% 

and 30% of Zn, while further increasing the Zn content led to PL 

decrease (Figure 2c). Similarly, dependence of the PL intensity on Zn 

composition ratio has also been reported for ZCIS QDs forming in 

organic phase. For example, in a work reported by Nakamura et al., 

the PL emission of ZCIS QDs reached maximum value when the Zn 

content was around 20-33% (Cu:Zn=1~2).57 A possible explanation 

for this phenomenon is that the incorporation of Zn reduced the 

structural defects, stabilized the crystal structure and inhibited the 

nonradiative recombination.41, 56 However, when a high level Zn 

substitution was taking place, the impurity phases, which induce 

radiative recombination, may also be eliminated. As a result, 

further increasing the Zn content resulted in a lower PL intensity 

from the QDs. In addition to the changes in PL intensity, the full-

width-at-half-maximum (FWHM) of the emission spectra decreased 

from 158 to 105 nm as the Zn content increased from 0% to 50% 

(Figure 5, red line), which means that a more homogeneous 

irradiation was achieved upon incorporating Zn into the crystal 

nanostructure. Meanwhile, we observed that the PL peak shifted 

from 709 nm to 594 nm (Figure 5, black line). 
 

 

Figure 5. Evolution of the PL peak position (triangle) and FWHM 
(circle) with increasing Zn content in ZCIS QDs. 

 

3.3 Composition effect on the energy band and optical properties 

of CIS and ZCIS QDs 

Based on our results, reducing the Cu:In ratio in the CIS QDs and 

incorporating Zn to form the alloyed ZCIS QD are both feasible 

Figure 6. Evolution of the optical bandgap of (a) CIS QDs with 

reducing Cu:In ratio and (b) ZCIS QDs with increasing Zn content. 
 

 strategies for bandgap engineering. The evolution of optical 

bandgaps were illustrated by plotting the (ahν)2 vs hν derived from 

absorption spectra (the molar concentration of the samples is the 

same) and extrapolating the linear portion to intercept the x 

abscissa (Figure 6).59, 60 The widening of the bandgap when reducing 

Cu:In ratio or increasing Zn content could be qualitatively confirmed 

from the continuous right shift of these derived curves. From curves 

with good linearity, the bandgaps of CIS QDs with a Cu:In ratio of 

0.14 and 0.07 were estimated to be 2.73 eV and 2.78 eV (Figure 6a, 

dash line) and those of the ZCIS QDs with a Zn content of 50% and 

70% were calculated to be 2.75 eV and 2.94 eV (Figure 6b, dash 

line). Although similar bandgap widening effect was observed, the 

influences of adjusting Cu:In ratio or Zn content on the QDs optical 

properties were different. First, in comparison with tuning the Cu:In 

ratio, the incorporation of Zn resulted in a more pronounced blue 

shift in the absorption onset and in the UV region (Figures 1b and 

2b). In other words, the ZCIS QDs exhibit a larger absorption 

coefficient near the bandgap energy while the CIS QDs show a 

broader distribution of the absorption energy levels. This indicated 

the formation of a more homogeneous energy band in the ZCIS QDs. 

Second, varying Zn content ratio resulted in a continuous blue-shift 

of the PL spectra, while similar results cannot be obtained by 

altering Cu:In ratio in CIS QDs (Figures 1c and 2c). This indicates the 

gap between the donor and acceptor energy band of the ZCIS QDs 

were widened as the widening of the bandgap while same trend 

was not observed for the CIS QDs. Based on the discussion above, 

incorporation of Zn into CIS QDs might be an effective strategy to 

achieve more homogeneous energy band, enhanced PL intensity, 

narrowed emission spectra and a wide range of emission 

wavelength tunability. The diameters of 0%, 30% and 70% ZCIS QDs 

determined from TEM results (Figure 1a, 2a and S2) are 4-7 nm and 

close to their Bohr exciton radius (5.0 nm for ZnS and 8.0 nm for 

CuInS2), which further confirms the composition control is the main 

cause for the tunable bandgap and optical properties.21 Additionally, 

tuning the composition ratio is a more controllable strategy for 

adjusting band gap and optical properties in these ZCIS QDs 

compared to the size control, for wavelength of their 
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absorption/emission profiles was almost unchanged over reaction 

time (Figure S4).  

3.4 Effect of ZnS shell growth on the optical properties of CIS and 

ZCIS QDs 

An additional ZnS shell was deposited on the ZCIS QDs surface for 

improving their PL efficiency and enhancing their optical stability. 

Because of small lattice mismatch with CuInS2
32, 40, ZnS is expected 

to have similar lattice parameter with ZCIS. Also, the band 

alignment of ZCIS and ZnS 22 allows type-I structure formation for 

effective surface passivation. For 30% ZCIS QDs and their core/shell 

structures, the hydrodynamic diameters were estimated to be 

4.8±0.9 nm and 6.7 ± 0.9 nm, respectively (Figure 6a). The 

interplanar spacings measured from the FFT pattern of the HRTEM 

are 0.19 nm, 0.32 nm, 0.30 nm and 0.29 nm (Figure S4), in 

agreement with zinc blende ZnS phase, tetragonal CIS phase and 

their alloyed structure. As expected, the resulted ZCIS/ZnS QDs 

showed enhanced PL intensity. The QY of 30% ZCIS QDs was 

improved from 1.4% to 4.7% after ZnS coating (Figure 6b). As an 

example, Figure 8a shows the PL spectra of 30% ZCIS QDs before 

and after shell deposition. Compared to the ZCIS core QDs, the ZnS 

coated QDs exhibited enhanced emission intensity and blue-shifted 

PL peak. However, this blue shift was much less pronounced as 

compared to that observed in CIS/ZnS QDs. As observed in Figure 

8b, the blue shifts for CIS QDs and 10%, 30% and 50% ZCIS QDs are 

42 nm, 10 nm, 4 nm, 1 nm, respectively. The inhibition of the blue 

shift in ZCIS/ZnS could be attributed to the weakened lattice strain 

or the reduced cation exchange due to the existed Zn on core 

surface.56  
 

Figure 7. Synthesis of ZCIS/ZnS QDs. (a) Hydrodynamic particle size 

distributions of 30% ZCIS QDs (top) and 30% ZCIS/ZnS QDs 

(bottom). (b) Water dispersion of ZCIS/ZnS QDs (left to right, 50%, 

30%, 10%, 0% Zn content) under natural light (top) and UV light 

(bottom). 

 

   Time-resolved PL measurement was carried out to investigate the 

recombination process in ZCIS and ZCIS/ZnS QDs, the decay curves 

were fitted with double-exponential, and the fitting parameters are 

summarized in Figure 9 and Table S2. The transient kinetics can be 

decomposed into a fast and slow decay component, of which the 

dynamics are in the time scales of several nanoseconds and more 

than 100 ns, respectively. The fast decay component is usually 

contributed to the nonradiative recombination and the slow decay 

component is consistent with the donor-acceptor recombination 

related to internal defects.29, 52, 61 After coating with ZnS shell, the 

average lifetime of the 30% ZCIS QDs was prolonged from 50 to 130 

ns (Figure 9). The significant reduction of the fast decay component 

after ZnS shell growth implies that the nonradiative recombination 

pathways can be effectively suppressed upon surface trap 

passivation. Additionally, growth of the ZnS shell may also lead 

to delocalization of the electron wave function into the shell 

region and reduce the electron/hole wave function overlap.62 

This change will lower the chance of the electron-hole 

recombination and prolong both the nonradiative and 

radiative processes, slightly. By comparing the decay curves of 

the CIS/ZnS QDs and ZCIS/ZnS QDs (Figure S5), no significant 

difference in fluorescence lifetime can be detected, suggesting 

similar radiative channels of the two types of QDs. 

Figure 8. (a) PL spectra of 30% ZCIS QDs before and after the ZnS 

shell growth. (b) PL QY and PL peak emission wavelength of ZCIS 

and ZCIS/ZnS QDs. The Zn content from left to right is 50%, 30%, 

10% and 0%, respectively. 
 

Figure 9. Luminescence decay curves and fitted curves (solid line) of 

the 30% ZCIS QDs and 30% ZCIS/ZnS QDs. The fitting parameters are 

shown in the table. 
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3.5 Cell imaging and cell viability study of ZCIS/ZnS QDs.  

For in vitro imaging, photostability of the synthesized ZCIS/ZnS QDs 

was firstly examined under continuous UV irradiation (Figure S6). 

30% ZCIS/ZnS QDs were used for optical imaging of RAW264.7 

macrophages (Figure 10). The cells stained with DAPI and QDs 

exhibited delocalized emissions from cell nucleus and cytoplasm, 

which demonstrates the potential of using the aqueous synthesized 

ZCIS/ZnS QDs for cell imaging. To evaluate their cytotoxicity, MTT 

assay was performed on the 30% ZCIS/ZnS QDs. These ZCIS/ZnS QDs 

are almost nontoxic to macrophage cells (cell viability >90%) at a 

concentration of 200 µg/mL (Figure 11). It should be noted that the 

concentration we used for the in vitro imaging in Figure 10 is 20 

µg/mL, which is nontoxic to RAW264.7 macrophages, according to 

our MTT results. 

 

 

Figure 10. Fluorescent imaging of RAW264.7 macrophage cells using 

30% ZCIS/ZnS QDs. The cell nucleus was stained with DAPI. 

 

 
 

Figure 11. Cell viability of RAW264.7 macrophages treated with 30% 

ZCIS/ZnS QDs for 24h (n=6). 

 

 

Conclusions 

In this work, the Zn-Cu-In-S (ZCIS) QDs were synthesized via a 

facile aqueous route at a low temperature (100 ̊ C). Before 

preparing the ZCIS QDs, Cu-In-S (CIS) QDs were first 

synthesized and showed a multi-peak photoluminescence with 

the intensity dependent on Cu:In ratio. Upon incorporating Zn 

into the CIS QDs, the PL intensity was significantly enhanced at 

the Zn content ratio of 10% and 30%, while further increasing 

the Zn content led to a decrease in the PL. Simultaneously, the 

FWHM was observed to narrow down, reflecting a more 

homogeneous irradiation in ZCIS QDs. The incorporation of Zn 

also resulted in a blue shift for the absorption and PL spectra, 

which indicated the widening of the QDs bandgap. The 

influence of Cu:In ratio and Zn content on their band gap and 

optical properties are compared and discussed. Overall, the 

incorporation of Zn into CIS QDs is an effective strategy to 

achieve a more homogeneous absorption band, enhance the 

PL intensity, narrow down the emission spectral width and 

increase the ability to tune the emission wavelength of the 

nanoparticles. Then, a ZnS shell was deposited on the ZCIS QDs 

and the resulting ZCIS/ZnS QDs showed enhanced PL intensity 

and prolonged fluorescence lifetime. Using the synthesized 

ZCIS/ZnS QDs, we examined the feasibility of employing them 

for imaging of macrophage cells. In macrophages cells, QDs 

and DAPI exhibited delocalized fluorescence signals from 

cytoplasm and cell nucleus and indicating the nonspecific in 

vitro uptake of the QDs. The biocompatibility of these ZCIS/ZnS 

QDs further demonstrated their potential for future 

biophotonics applications. 
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