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A B S T R A C T   

Different from negatively charged CuInS2 (CIS) based quantum dots (QDs), positively charged QDs are difficult to 
obtain in good optical quality, but are desirable for certain applications. We herein present a general synthesis 
strategy that allows for a universal surface modification of ternary CIS based QDs with thiol containing ligands. 
The idea behind the synthesis design is, to apply a ZnS shell first for passivating and protecting the core QDs, and 
then add a second ZnS shell for the functionalization via ligand exchange. Whereby easy ligand exchange with 
thiolated molecules is systematically set up, by using a weak bonding amine ligand for the second shell. Mole
cules with various terminal groups were used to functionalize the nanoparticles and stabilize them in different 
media making any surface charge and polarity accessible. Surface defect chemistry seemed to play an important 
role in our synthesis strategy, therefore to gain a deeper understanding how these defect sites can alter the 
electronic structure of core/shell nanoparticles theoretical calculations based on density functional theory were 
performed, whilst structural, colloidal and optical properties were characterized experimentally (by dynamic 
light scattering, x-ray diffraction, infrared spectroscopy, zeta potential, absorption- and (time resolved) photo
luminescence measurements).   

1. Introduction 

Quantum dots (QDs) with tunable band gaps and band edges have 
emerged as attractive materials for the development and enhancement 
of various optoelectronic materials [1]. They play an important role in 
the ongoing miniaturization process of nanoengineering and nanotech
nology, including new catalyst materials [2–5], sensitization of solar 
cells [6–12], light emitting diodes [13–15], biophotonics and nano
medicine [16–19] etc. Despite II-VI and IV-VI semiconductor nano
particles possess exceptional well-fitting optical and electronical 
properties, the high toxicity of the utilized heavy metal ions (Cd, Pb, Se, 
Te) shed doubt on their long-term applicability, especially in consider
ation of recent environmental regulations and restrictions. Therefore, a 
lot of research regarding QDs has shifted to identify and replicate such 
promising properties in more ecofriendly compounds. Among them 
ternary and quaternary semiconducting nanocrystals are presently 
considered as suitable alternatives to Cd and Pb chalcogenides. Ternary 
I-III-VI CuInS2 (CIS, Eg = 1.5 eV) alloyed with ZnS (Eg = 3.6 eV) deserve 
here special attention, due to cost efficient production out of simple and 

commercially available precursors as well as precise control of their 
photo- and electroluminescent properties by uncomplicated modifica
tion of the preparation conditions (size, surface chemistry, composition) 
[20–23]. 

The most widely used synthesis method for high quality CIS QDs 
(with photoluminescence quantum yields up to 80%) consists of the 
reaction of the metal cation precursors (e.g. Cu(OAc) and In(OAc)3) with 
1-dodecanethiol (DDT) [24–26]. In this reaction DDT has the triple role 
of sulfur source, surface ligand and solvent and is either used alone or in 
a mixture with 1-octadecene (ODE). The usage of this surface ligand in 
the synthetic strategy is a double-edged sword, due to its strong bonding 
it produces very high quality nanocrystals but at the same time leads to a 
challenging exchangeability with other surface ligands [27]. Since DDT 
is hydrophobic and hasn’t any functional groups, this limits the usage of 
the so prepared QDs due to compatibility issues. This is a potential 
drawback as ligand exchange is mandatory for many applications, e.g. 
improve the electronic coupling between nanoparticles and electrodes 
or substrates in solar cells [28,29] and aqueous phase transfer of the QDs 
for biomedical studies [30,31]. For QDs to be applicable in terms of 
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optoelectronic purposes it is therefore necessary to manipulate the 
surface and interface chemistry of this material. Nevertheless, it has 
been shown in literature that strong bound DDT could be replaced under 
retaining the optical properties by 3-mercaptopropionic acid (MPA) [14, 
32], 11-Mercaptoundecanoic acid (MUA) [32], 11-Mercapto-1-undeca
nol (MUD) [33,34] and 6-Mercaptohexanol (MCH) [35] simply by 
introducing these molecules into the reaction mixture after the nano
crystal growth at elevated temperatures (170 ∘C or higher). However, 
this strategy suffers from certain drawbacks, mainly that highly polar 
hydrophilic and temperature sensitive ligands cannot be used. Thus, e.g. 
there are till date only a few reports for the production of high quality 
CIS QDs with a positive surface charge [36]. 

The aim of this article is to surmount this problem and consequently 
obtain a broader field of application by overcoming existing compati
bility issues. Thus, potentially guiding fresh experimental approaches 
developing new optoelectronic materials. Therefore, we introduce a 
two-stage shell coating of the initial nanocrystals with ZnS leading to an 
amine passivated outer layer while still retaining the optical properties. 
The amine surface ligands revealed to be easily replaceable at room 
temperature by a wide range of different thiols (e.g. we herein report the 
functionalization of high quality CIS with cysteamine as a surface 
ligand) leading to highly versatile functionalizable QDs. The role and 
influence of the ZnS shell thickness, together with surface related de
fects, on the optoelectronic properties was found to be of particular 
importance and was thus studied intensively by experimental and 
theoretical ab-initio methods. 

2. Methods 

2.1. Chemicals and reagents 

Copper(I) acetate (Cu(OAc)), Indium(III) acetate (In(OAc)3), Zinc 
acetate (Zn(OAc)2), Staeric acid (SA), Sulfur (S), 1-Dodecanethiol 
(DDT), 1-Octadecene (ODE), Oleylamine (OAm), 2-(Dimethylamino)- 
ethanethiol hydrochloride (DMA), 2-(Diethylamino)-ethanethiol hy
drochloride (DEA), Thioglycolic acid (TGA), 3-Mercaptopropionic acid 
(MPA), 11-Mercaptoundecanoic acid (MUA), L-Glutathione (L-GLU), 
1H-1,2,4-Triazole-3-thiol (TAZ) and Tetramethylammonium hydroxide 
(TMAH) were all purchased from Sigma Aldrich. Cysteamine hydro
chloride (CYS), L-Cysteine hydrochloride (L-CYS), Chloroform (CHCl3), 

n-Hexane, Methanol (MeOH) and Toluene was obtained from Carl Roth. 
All reagents were used as-recieved without any prior purification step. 

2.2. Synthesis of CuInS2 core quantum dots 

The synthetic approach was adopted from Zhang et al. [37] and 
modified in order to ensure thermodynamic shell growth. In a typical 
procedure, 73.5 mg (0.6 mmol) Cu(OAc), 175.2 mg (0.6 mmol) In 
(OAc)3, 1023.9 mg (3.6 mmol) SA, 15.0 mL ODE and 15.0 mL DDT were 
loaded in a 50 mL three-neck-flask and vacuumed for 30 min at 120 ∘C to 
remove any water or oxygen that is left in the reaction mixture. After
wards it was flushed with argon (by means of Schlenckline technology) 
and heated with a heating mantle under vigorous stirring to 200 ∘C. Then 
2.4 mL of a solution prepared by dissolving 128.3 mg (4.0 mmol) of S in 
10.0 mL ODE at 120 ∘C was injected quickly into the reaction mixture, 
was further heated to 230 ∘C and kept at that temperature for 30 min in 
order to allow the growth of the core CIS QDs. For the purification of the 
prepared core QDs the reaction mixture was cooled down to 60 ∘C with a 
water bath. Then 10 mL toluene were injected into the reaction mixture 
in order to stabilize the QDs. By adding MeOH the nanocrystals were 
precipitated and centrifuged at 10.000 rpm for 10 min. The supernatant 
was discarded and the underlying QDs were washed at least three more 
times with EtOH (T = 60 ∘C) to purify them. 

2.3. Synthesis of CuInS2/ZnS core/shell quantum dots 

The growth of the first ZnS shell was carried out in situ directly after 
the completion of the QDs core growth. The reaction was quenched in an 
ice bath to temperatures of 60 ∘C and water free Zn(OAc)2 was added as 
shell precursor. For details and the exact amount of Zn(OAc)2 corre
sponding to a certain shell thickness see the supplementary information 
(Table S1). The mixture was heated to 240 ∘C and held at that temper
ature for 2 h to let the ZnS shell growth around the nanoparticles. The 
purification of these CIS/ZnS QDs is similar to that of the core CIS QDs. 

2.4. Synthesis of CuInS2/ZnS/ZnS core/shell/shell quantum dots 

For the overgrowth of a second ZnS shell around the core/shell QDs 
to prepare core/shell/shell QD, 0.3 mmol of purified CIS/ZnS QDs were 
dissolved in 3.0 mL CHCl3 and placed together with 6.0 mL OAm, 6.0 

Fig. 1. Experimental scheme for the synthesis and functionalization of CIS/ZnS/ZnS.  
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mLODE and the amount of Zn(OAc)2 needed for two more ZnS mono
layers (ML) in a 50 mL three-neck-flask. The flask was vacuumed at 
room temperature for 30 min. Afterwards it was flushed with argon and 
heated with a heating mantle under vigorous magnetic stirring to 180 ∘C. 
Then a stoichiometric amount of a solution prepared by dissolving 
641.4 mg (20.0 mmol) of S in 20.0 mL ODE at 120 ∘C was injected 
dropwise at a rate of 0.6 mL/min into the reaction system. After the 
addition of the S precursor the second ZnS shell were allowed to grow for 
2 h. Next the reaction mixture was cooled down to room temperature in 
a water bath and the CIS/ZnS/ZnS core/shell/shell QDs were precipi
tated by the addition of EtOH and centrifuged at 10.000 rpm for 5 min. 
The supernatant was discarded and the precipitate redispersed in 5.0 mL 
n-hexane and precipitated again by adding 10.0 mL EtOH. This washing 
procedure was repeated at least three times. For a simple illustration of 
the synthesis scheme see Fig. 1. 

2.5. Ligand exchange 

0.1 mmol CIS/ZnS/ZnS core/shell/shell QDs were dissolved in 5.0 
mL CHCl3. Under strong magnetic stirring a solution of 2.0 mmol Thiol 
(CYS, DMA, DEA, TGA, MPA, MUA, L-CYS, L-GLU or TAZ) and 729.2 mg 
(4.0 mmol) TMAH dissolved in 1.0 mL MeOH were added dropwise. 
Afterwards the dispersion was stirred for 2 h. The mixture was precip
itated at 10.000 rpm for 10 min and washed three times with 5.0 mL 
bidest. H2O and 30.0–40.0 mL Acetone. To ensure good long-term 
colloidal stability through a dense surface ligand coverage the precipi
tate was dispersed in 5.0 mL bidest. H2O and 2.0 mmol of the corre
sponding thiol and refluxed for 2 h (for the MUA and TAZ samples this 
step was omitted, cause it led to irreversible agglomeration). The 
mixture was purified again as described above. 

2.6. X-ray diffraction (XRD) analysis 

The crystallographic structure of the prepared QDs was studied by 
XRD techniques using a Rigaku MiniFlex II Desktop diffractometer 
equipped with a radiation source from an X-Ray tube with Cu-Kα radi
ation (λ = 1.54 Å). Measurements were performed in a 2θ range of 20∘ – 
80∘ with a scan rate of 2 ∘/min and 0.02∘ increments. 

2.7. Size and zeta potential (ζ-potential) measurements 

Malvern Instruments Zetasizer Nano ZS was used for particle size 
determination by dynamic light scattering (DLS), and zeta potential 
from electrophoretic mobility measurements, together with a standard 
pH meter (SevenMulti, Mettler Toledo). Measurements were performed 
from sample dispersions of 1.0 mmol/L in Water with respect to the 
amount of CuInS2. The pH value was varied using hydrochloric acid (0.1 
– 1.0 M) and sodium hydroxide (0.1 – 1.0 M). For DLS measurements a 
633 nm Laser in combination with 173∘ backscatter detection was used. 
Each measurement was performed from 10 runs, each lasting 10 s. The 
measurements were repeated three times and the averages taken. For the 
zeta potential each measurement was collected from 15 runs, all ex
periments were repeated 3 times and the averages recorded. 

2.8. Photoluminescence (PL), PL decay and absorption measurements 

PL and absorption spectra as well as PL decay curves at room tem
perature were recorded in order to characterize the optical properties. 
Emission spectra were recorded using the Shimadzu Spectro
fluorophotometer (RF-5301PC) equipped with a Xenon lamp (XBO 
150W/CR OFR from OSRAM) with emission- and excitation mono
chromator slits open at a width of 3 nm. UV-VIS absorbance measure
ments were performed using Analytikjena Specord 200Plus. PL decay 
curves were measured on a fluorescence spectrometer FLS980 from 
Edinburg Instruments, equipped with the EPL-450 ps laser (λex = 445.6 
nm, pulse width ≤ 70 ps). For the measurements of the decay curves, the 

monitoring wavelength was set to the wavelength of the PL at its 
maximum intensity. 

2.9. Fourier-transform infrared spectroscopy (FT-IR) 

The adsorption of organic ligands and capping of the nanoparticles 
was studied by FT-IR spectroscopy using a Nicolet iS 5 with a diamond 
attenuated total reflectance (ATR) controller, from Thermo Fischer 
Scientific. Measurements were perfomed from 4000 cm− 1 to 600 cm− 1. 

2.10. Computational details 

Calculations were performed in the framework of an ab initio density 
functional theory (DFT) computational method [38,39], as implemented 
in the Quantum ESPRESSO package [40,41]. Energies were calculated 
by using a plane-wave basis set, scalar relativistic ultrasoft pseudopo
tentials (USPP) and the generalized gradient approximation (GGA) with 
the Perdew-Burke-Ernzerhof (PBE) functional to describe the 
exchange-correlation potential [42]. To improve the accuracy of the 
calculations a Hubbard U correction [43] was applied on the Cu 3d In 4d 
Zn 3d and S 2p states to correct the well known problem that LDA and 
GGA functionals underestimate the band gap and aren’t able to repro
duce the correct position of d or f states of transition or rare earth metals 
[44]. Since the linear-response theory (used to calculate ab initio values 
for the Hubbard U parameters [45]) has its limitations and fails for 
closed-shell systems [46] the U parameters for Cu-d In-d Zn-d and S-p 
were optimized simultaneously in order to reproduce the experimental 
lattice parameter, band gap and the relative position of d states of ZnS 
and CuInS2, similar to Mattioli et al. and Khan et al. [47,48]. Satisfac
torily converged results were achieved by using 60 Ry as the kinetic 
cutoff for wavefunctions and 480 Ry as kinetic energy cutoff for the 
charge density and potential (see Fig. S3). The convergence thresholds 
for selfconsistency, the total energy, the forces for ionic minimization 
and the pressure for variable cell relaxations were set at 1.0 × 10− 8 Ry, 
1.0 × 10− 4 Ry, 1.0 × 10− 3 Ry/Bohr and 5.0 × 10− 4 GPa respectively. A 6 
× 6 × 6 Monkhorst-Pack k-point grid including the Γ point was used for 
sampling the 1st Brillouin zone of bulk ZnS and CuInS2 while a Γ point 
only sampling was used for the calculation of the stand alone QDs. The 
supercell with the QD located at the center contains a vacuum region of 
at least 10 Å to avoid periodic interactions. Furthermore, to compensate 
surface defect states arising from dangling bonds on surface ions pseu
doatoms, with fractional nuclear charges (1.75 for Cu+, 1.25 for In3+, 
1.5 for Zn2+ and 0.5 for S2− ) as suggested by Huang et al. [49], were 
used to passivate these. Electronic band and state positions with respect 
to the vacuum level were obtained by calculating the planar average 
electrostatic potentials along the z-axis and the vacuum region is used as 
the absolute energy reference. The QDs were constructed by cutting out 
a spherical shape from the optimized underlying bulk structure by 
selecting all atoms within a radius of r < x2 + y2 + z2 around a sulfur 
atom. All systems were optimized with respect to their geometry before 
any electronic structure calculation was performed. 

3. Results and discussion 

3.1. Synthesis and characterization of CIS/ZnS and CIS/ZnS/ZnS core/ 
shell structures 

The synthetic strategy was designed to obtain monodisperse and 
spherical CIS core nanoparticles. This has been realized first by 
balancing the reactivity of the cationic precursors (Cu2+/Cu+ being a 
soft Lewis acid forms stable complexes with Lewis bases like DDT and 
In3+ being a hard Lewis acid forms stable complexes with hard Lewis 
bases like SA), allowing for an even digestion of the Cu and In precursor 
and thus preventing the formation of secondary phases like CuxS or 
In2S3. Second, a so-called hot-injection method was used. This has the 
advantage over non-injection methods that nucleation and further 
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growth of the QDs occur in separate timeframes. Hot-injection leads to 
instantaneous nucleation and a burst of crystal seeds are produced. 
Because supersaturation is relieved by the nucleation burst, further 
growth of the nuclei into mature nanocrystals occurs via diffusion pro
cesses, such that new nucleation events do not occur and a narrow 
(nearly monodisperse) size distribution can be achieved [50,51]. Third, 
non-spherical particle shapes like cubes or tetrahedral pyramids have 
higher surface energies than spherical geometries, and thus requiring 
growth conditions characterized by a higher chemical potential [52,53]. 
Therefore, we improved the uniformity of spherical CIS QDs by 
decreasing the precursor concentration and thus also decreasing the 
chemical potential. Fig. S1 shows a wide field STEM image of the pre
pared CIS cores, confirming a narrow size distribution with an average 
diameter of 2.9 nm. The temporal evolution of the PL and absorption 
spectra (and the resulting Tauc plot) are also shown. With extending the 
heating time, the PL emission peak red shifts from 680 nm to 770 nm and 
the band gap shrinks from 2.09 eV to 1.86 eV. The reason for that is the 
quantum confinement effect [54], which is observed when the radius of 
the particle becomes smaller than the exciton Bohr radius which results 
in motion of the electrons and holes spatially confined to the dimension 
of the QD (exciton Bohr radius of CIS = 4.1 nm [55]). Analogical to the 
well known concept of the particle in-a-box, which increases its energy 
when the box size decreases, the exciton will also increase in energy. 
Due to the prolonged synthesis time, the CIS QDs grow and increase in 
size, because of diffusion processes as described above and thus the 
confinement energy of photogenerated electrons and holes decreases. To 
improve the PL efficiency, stability and resistivity of the QDs the surface 
is often passivated using a suitable inorganic material. For many inter
esting and promising semiconductor materials that crystallize in the zinc 
blende structure like ZnTe and InP or a derivate of it like CuInS2, ZnS 
seems to be a near ideal candidate for forming such protective layers. 
That is because under ambient conditions ZnS is nontoxic, chemically 
stable and resistant to most environmental influences. It has a wider 

band gap (Eg = 3.6 eV [56]) with the conduction band minimum (CBM) 
and valence band maximum (VBM) being higher and lower on a total 
energy scale, thus creating a type-I band alignment resulting in charge 
carriers mainly confined to the core region. Also, the lattice mismatch is 
relatively low, allowing for the formation of a low-defect interface be
tween the materials. The narrow size distribution and spherical geom
etry of the core material was necessary to design a shelling procedure 
that allows for the production of CIS/ZnS core/shell particles with a 
selectable amount of monolayers (ML) of ZnS. Based on the average 
diameter of 2.9 nm for the cores and one ML of ZnS having a thickness of 
0.31 nm [57], it was possible to calculate the amount of shell precursor 
needed for a particular shell thickness reached from geometrical con
siderations (see the supplementary information for detailed informa
tion). First, CIS/ZnS core/shell structures were constructed in situ. Due 
to the large excess of sulfur precursor in the form of DDT no additional 
sulfur source needed to be injected. The zinc precursor (Zn(OAc)2) was 
introduced at low temperatures to the CIS core mixture and then slowly 
heated up to avoid the formation of separate ZnS nanoparticles and to 
allow for even thermodynamic shell growth [58]. Since the goal of this 
work was the versatile surface engineering of these nanoparticles, the 
above already mentioned poor exchangeability of the surface ligand 
DDT with other surface ligands had to be overcome. Therefore, the 
CIS/ZnS QDs were purified till no free DDT was left in the product and 
then in a second ex situ approach two more ML of ZnS were grown to 
construct CIS/ZnS/ZnS core/shell/shell structures. In that step the sta
bilizing ligand was OAm, which is a strong Lewis base (forming weak 
bonds with Zn2+, which is a weak Lewis acid) and therefore should be 
easily replaceable by weak Lewis bases like thiols. 

As shown in Fig. 2 (a)-(c) growth of the first ZnS shell improved the 
emission properties substantially and blue shifted the broad and 
inconspicuous first excitonic absorption peak with the increase of ZnS 
ML. The increase in PL emission intensity can be explained by the effi
cient quenching of surface and internal trap states through the 

Fig. 2. PL emission spectra (a), UV-VIS absorption spectra (b,c), PSD (d), XRD pattern (e) and FT-IR spectra (f) of CIS core, CIS/ZnS core/shell and CIS/ZnS/ZnS 
core/shell/shell structures. 
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passivating layers. While the shift to higher energies (PL emission peaks 
(from 710 nm to 612 nm) and band gaps (from 1.93 eV to 2.23 eV)) are a 
result of the CIS cores shrinking [59] and the formation of ZnS alloyed 
CIS cores [60] through partial cation exchange combined with the 
saturation of surface defects. It can be seen that the second ZnS shell 
growth leads to decreased PL emission intensities (see also Fig. 4). Two 
effects might cause this: first, despite OAm being widely used in nano
particle synthesis as solvent and ligand, it is known to be a powerful 
etchant in combination with elemental sulfur capable of etching sul
fides, which could lead to surface etching, reconstruction and/or face
tting exposing new defect sites. Yuan et al. investigated OAm-sulfur 
mixtures for the synthesis of chalcogenide nanostructures and found 
that original used seed particles dissolve in a substantial fraction only to 
then renucleate and regrow [61]. Second, OAm is steric more 

demandable than DDT, thus covering and passivating less dangling 
bonds of the surface atoms. Besides, it is known that such surface defects 
in QDs can act as charge acceptors supplying excellent channels for 
exciton dissociation at the QD surface [62]. With different electron-hole 
recombination mechanism may corresponding to different PL decay 
lifetimes measurements of the PL emission decay curves were performed 
(see Fig. 3 and Table 1) and examined. The decay curves were fitted by a 
biexponential function: 

I(t)=A1e− t/τ1 + A2e− t/τ2 (1)  

where τ1 and τ2 represent the decay time of the PL emission and A1 and 
A2 correspond to the different decay channels relative weight. 

As described in previous reports the shorter decay time (τ1, in the 
order of tens of ns) can be attributed to surface- or intrinsic defect- 
related recombination of charge carriers whilst the longer decay time 
(τ2, in the order of hundred of ns) is typical for donor-acceptor pair 
luminescence and therefore can be assigned to initially populated core 
states [59,63,64]. In Fig. 3 and Table 1 are the PL decay curves and the 
corresponding parameters for CIS/ZnS and CIS/ZnS/ZnS with different 
shell thicknesses compared. An increase in shell thickness is in general 
accompanied by an decrease of the first decay channel (A1, and thus vice 
versa also accompanied by an increase of A2), which can be explained by 
the effective reduction of surface related defects. Counterintuitively and 
in contrast to that the ex situ growth of the second shell, which is 
deposited on the nanoparticles, increases the weight of the first decay 
channel (A1). These findings are in accordance with our before 

Fig. 3. PL decay curves for CIS/ZnS and CIS/ZnS/ZnS (a) and for CIS/ZnS/ZnS with different shell thicknesses (b).  

Fig. 4. From left to right CIS core, CIS/ZnS with 1 ML up to 10 ML and CIS/ZnS/ZnS with 1 + 2 ML up to 10 + 2 ML under daylight and UV-light (365 nm).  

Table 1 
Fit parameters derived from equation (1) for PL decay curves of CIS/ZnS and 
CIS/ZnS/ZnS QDs.   

τ1 [ns]  τ2 [ns]  A1 [%]  A2 [%]  

1 ML 42.0 296.2 36.2 63.8 
1 + 2 ML 27.9 226.2 50.1 49.9 
2 + 2 ML 32.8 255.2 36.3 63.7 
3 + 2 ML 24.7 298.3 23.4 76.6 
5 + 2 ML 26.4 314.1 21.7 78.3 
7 + 2 ML 12.6 313.9 12.0 88.0  
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mentioned assumption that the second ex situ shell growth leads in some 
degree to surface etching and reconstruction and therefore expose some 
new defect sites. The particle size distribution (PSD) obtained from DLS 
measurements is shown in Fig. 2 (d). It is noticeable that with increasing 
the amount of the zinc precursor the hydrodynamic diameter also in
creases, indicating the formation of thicker ZnS shells (larger amounts of 
ML). Crystal structures were examined by XRD as presented in Fig. 2 (e). 
The results suggest that all the samples have chalcopyrite structure and 
with the deposition of ZnS around the cores the diffraction peaks shift 
towards larger angles, consistent with the smaller lattice constant of 
sphalerite structure ZnS (the reference patterns are taken from the 
Pearson’s Crystal Database (PCD)). All diffraction peaks are broadened 
in accordance with the finite particle size. Illustrated in Fig. 2 (f) is the 
FT-IR spectra of the CIS cores and the CIS/ZnS and CIS/ZnS/ZnS QDs. 
The distinct peaks for long chain alkyls can be observed in all samples 
and are attributed to DDT (in CIS core and CIS/ZnS) and OAm (in 
CIS/ZnS/ZnS). In consensus with our synthesis design it can be seen that 
after the second ex situ ZnS shell growth peaks in the region of the N–H 
and C–N stretching vibration appear. These belong to the OAm ligands, 
confirming the assumption that the surface is covered with these mol
ecules after the second shell overcoating. 

3.2. Ligand exchange 

As described above, the surface engineering of the prepared CIS/ 
ZnS/ZnS QDs that were capped with OAm should be easily achievable 
with the help of any thiol-containing molecules, since the affinity of 
Zn2+ is much stronger to a thiol-group than to an amine-group. In Fig. 5 
(a)-(c) represented are the FT-IR spectra of cationic, anionic and zwit
terionic functionalized nanoparticles, indicating with the most charac
teristic absorption bands (like the stretching vibration of COOH, C––O, 
C–O, N–H and C–N) together with adsorbed water the success of the 
ligand exchange. Further indication are the corresponding pH depen
dent zeta potential and DLS size curves in Fig. 5 (d)–(f). Functionalizing 
the QDs with cationic ligands like CYS, DMA and DEA led to 

electrostatically stabilized particles in pH regions of ∼ 2.6 – 8.1. Due to 
the protonation of the outward directed amine group of these ligands, 
the particles are charged positively at their surface in acidic conditions, 
repelling each other and thus leading to stable dispersions. Above that 
agglomeration was observed which is in agreement with increasing 
hydrodynamic diameters over 100 nm and decreasing zeta potentials 
with increasing pH values. For anionic functionalized particles with 
molecules like TGA, MPA and MUA its vice versa. The outward directed 
carboxyl group of these ligands is negatively charged due to deproto
nation in basic conditions leading to stable dispersions in aqueous media 
in pH regions of ∼ 12.4 to 8.8. Zwitterionic ligands which possess the 
ability to be charged both negatively and positively should therefore be 
able to stabilize the QD dispersion in acidic as well as basic media. But as 
it is depicted in Fig. 5 (f) the particles began to agglomerate at pH values 
smaller than ∼ 8 and not regaining their colloidal stability at more 
acidic conditions. Due to low pKa values of the acidic groups in these 
ligands, they are even at low pH values partly dissociated leading to 
overall modest zeta potentials where the charge induced repulsion be
tween particles isn’t strong enough to overcome the interatomic forces 
(like hydrogen bonds). 

The as-prepared CIS/ZnS/ZnS QDs capped with OAm not only show 
good optical properties (despite being worse than the CIS/ZnS QDs 
capped with DDT) but they also remain highly luminescent when 
transferred into aqueous media. As it is shown in Fig. 6 a slight red-shift 
of the PL emission peak of about 10–30 nm was observed, together with 
variation in the magnitude of the PL peak intensity. Both effects are in 
accordance with literature reports and have been observed before [14, 
22]. Where the emission intensity is dependent on the ligand dynamics 
(meaning adsorption and desorption rates of the ligands from the sur
face, passivating or creating surface defects) and the red-shift appeared 
from agglomerates of larger and smaller QDs that can then act as FRET 
(fluorescence resonance energy transfer) emitters. 

Fig. 5. FT-IR spectra of cationic (a), anionic (b), zwitterionic (c) and zeta potential and DLS size dependency of the pH value of cationic (d), anionic (e) and 
zwitterionic (f) functionalized CIS/ZnS/ZnS QDs. 
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3.3. DFT calculations 

To further investigate the influence of the shelling of CuInS2 with ZnS 
and to understand how surface defects can alter the electronic structure 
of core/shell nanoparticles, we performed ab initio DFT calculations. 
Since theoretical studies in the form of DFT calculations on quantum- 
confined QDs consisting of CuInS2 are scarce [69] and to our best 
knowledge no such investigations have been performed on CIS/ZnS 
core/shell nanostructures, we intended to improve the accuracy of these 
calculations to make them as comparable to experimental results as 
possible. Therefore, at relatively low computational cost, the strong 
on-site Coulomb interaction of localized electrons which is insufficiently 
described by LDA or GGA is corrected by an additional Hubbard-like 
term (Hubbard U parameter). Analogous to our previous studies [65] 
the values for the U parameters were obtained semiempirically (see 
Fig. S4) and are 4.8 eV for S, 9.1 eV for Zn, 6.8 eV for Cu and 8.1 eV for 
In. The improvement from the standard GGA calculations towards more 
accurate results with GGA+U calculations is represented in Table S2, 
whereas the calculated band structure and orbital projected density of 
states (PDOS) for bulk sphalerite structure ZnS and chalcopyrite struc
ture CuInS2 is shown in Fig. 7. The absolute band energies are aligned 
with respect to the vacuum energy highlighting again that with the 
larger band gap of ZnS and the VBM and CBM lower and higher in en
ergy (compared to CuInS2), the formation of type-I band alignment in 
CIS/ZnS QDs. To validate that the before elaborated Hubbard U pa
rameters aren’t limited to bulk systems, we calculated the PDOS for 

different sized QDs of ZnS and CuInS2, recieved their band gap and 
compared it to available experimental values as well as to the Brus 
equation (an equation based on the electronic mass approximation to 
calculate the band gap of semiconductor nanoparticles depending on 
their size [70]). The results are illustrated in Fig. 7 emphasizing once 
again the consequence of the quantum confinement effect (highest 
occupied molecular orbital (HOMO) and lowest unoccupied molecular 
orbital (LUMO) decreasing and increasing in energy leading to a larger 
band gap). To fit the size dependent trend (of our calculated results and 
experimental values from the literature) we use the expression: 

Eg(d)=Eg(∞) +
1

ad2 + bd + c
(2)  

as proposed by Allan et al. based on tight binding calculations [71]. The 
R2 and χ2 values of these fits indicate a relatively low variance and 
mismatch, suggesting that the elaborated Hubbard U parameters are 
transferable and employable to nanosized cluster systems, also leading 
to meaningful results. It is also worth mentioning that the CIS cores 
synthesized in this work fit well into the established band gap - size 
dependency. In Fig. 8 the structure, PDOS, HOMO and LUMO isosurfaces 
(all at iso-value = 0.0001) are shown. What is immediately noticeable 
when the electronic structure of core/shell QDs are compared to core 
only QDs (same size of the core in both cases, see Fig. 7) the band gap 
shrinks, which is contrary to our experimental findings. This is due to 
some approximations in our calculational approach. First, the CIS core 
was completely passivated with fictional hydrogen atoms, which 

Fig. 6. PL emission spectra (a), relative PL intensity (b) and optical appearance of CIS/ZnS/ZnS QDs capped with different ligands under daylight and UV-light 
(365 nm). 
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Fig. 7. 1st Brillouin zone and relaxed structures of bulk and different sized ZnS (top, reprinted from Ref. [65] under CC BY) and CuInS2 (bottom) QDs (grey: Zn, 
yellow: S, orange: Cu, brown: In, white: Hx) and the corresponding bandstructure of the bulk material (left), the PDOS (middle), and the dependency of the QD band 
gap energy with respect to the particle diameter (right), Reference a [66], Reference b [67], Reference c [68]. 

Fig. 8. PDOS of CuInS2 QDs with different amounts of ML, their structure (note that the 1 ML, 2 ML and 3 ML structures are cut in half in the first row to actually see 
the core/shell structure) and isosurfaces of the HOMO and LUMO (red = positive, blue = negative). 
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ensures an ideal saturation of the dangling bonds suppressing all surface 
related defects. Second, as already described above, during the experi
mental shell growth the core shrinks and becomes alloyed with ZnS due 
to diffusion and cation exchange, which wasn’t considered in our cal
culations. Therefore, the exchange of the near perfect passivation model 
in form of fictional hydrogen atoms against layers of ZnS, leads due to 
the lattice mismatch between CuInS2 and ZnS to structural rearrange
ments at the interface, and thus since the energy is a function of the 
geometry causing the change of the electronic structure. 

As it can be seen from the PDOS, increasing the number of ML in
creases the band gap slightly from 2.60 eV (1 ML) to 2.83 eV (3 ML), 
which is in agreement to the experimental observed blue shift of the 
band gap. Suggesting that the change in the band gap energy, when 
growing a passivating shell around QDs includes more factors than, as 
described above, passivating surface related defects, alloying the core 
material and shrinking the core size due to thermal diffusion and cation 
exchange processes. This is also reflected by the isosurfaces of the 
HOMO and LUMO, as the wavefunctions are stronger confined to the 
core region. However, it should be mentioned that in every model the 
wavefunction extends to a certain degree beyond the core/shell inter
face. To test our hypotheses, that surface defects on the passivating ZnS 
shell can alter the optoelectronic properties and are an explanation for 
the decrease in PL emission intensity after the second ex situ shell 
growth, we removed one of the fictional hydrogen atoms that saturate 
the dangling bonds of the surface atoms. The PDOS and frontier orbital 
of the defect state are shown in Fig. 9. Creation of surface defects on the 
ZnS layer gives rise to states whose energetic position is right in between 
the band gap. These states are close enough to the LUMO to act as 
electron acceptor traps, which would explain the experimentally 
observed decline in PL intensity. It should also be mentioned that the PL 
characteristics could be influenced through ligand exchange (see section 
3.2 Ligandexchange), which further supports this assumption. 

4. Conclusion 

In summary, a general applicable route for the versatile surface en
gineering of CIS/ZnS/ZnS is demonstrated. The nanoparticles were 
functionalized with various cationic, anionic and zwitterionic thiolated 
ligands to yield stable aqueous dispersions. For e.g. we herein report the 
synthesis of high quality CuInS2 based QDs capped with ligands like 
DMA, DEA and TAZ which to our best knowledge haven’t been reported 
before. Steady-state and time-resolved photoluminescence studies 

together with DFT calculations reveal however that during the second 
shell growth the first protective layer must be attacked by the used 
precursors, leading to diminished PL intensities. Therefore, further 
studies could address this problem. Nevertheless, to universally change 
the surface properties of QDs as desired, is an important factor for the 
design of new optoelectronic materials or to overcome existing 
compatibility issues, so that our contribution is potentially guiding fresh 
experimental approaches. 

Credit authorship contribution statement 

Dominik Voigt: Conceptualization, methodology, writing - original 
draft preparation, writing - review and editing, visualization. Michael 
Bredol: Conceptualization, supervision, writing - original draft prepa
ration, writing - review and editing, funding acquisition. Atoosa 
Gonabadi: Methodology, visualization. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgments 

This research was funded in parts by the ‘European Fund for Regional 
Development’. Computational ressources were generously provided by 
the ‘Campus Cluster’ facility from the university of applied sciences 
Muenster. The authors also gratefully appreciate the help of Holger 
Uphoff (FH Muenster University of Applied Sciences) for the STEM in
vestigations, and Dr. David Enseling (FH Muenster University of Applied 
Sciences) for the instruction into measurement and evaluation of time 
resolved PL spectroscopy. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.optmat.2021.110994. 

References 

[1] D. Bera, L. Qian, T.K. Tseng, P.H. Holloway, Quantum dots and their multimodal 
applications: a review, Materials (Basel) 3 (2010) 2260–2345. 

[2] H. Cheng, X.J. Lv, S. Cao, Z.Y. Zhao, Y. Chen, W.F. Fu, Robustly photogenerating 
H2 in water using FeP/CdS catalyst under solar irradiation, Sci. Rep. 6 (2016) 
1–10. 

[3] Y.J. Gao, X.B. Li, H.L. Wu, S.L. Meng, X.B. Fan, M.Y. Huang, Q. Guo, C.H. Tung, L. 
Z. Wu, Exceptional catalytic nature of quantum dots for photocatalytic hydrogen 
evolution without external cocatalysts, Adv. Funct. Mater. 28 (2018) 1–8. 

[4] S. Yu, X.B. Fan, X. Wang, J. Li, Q. Zhang, A. Xia, S. Wei, L.Z. Wu, Y. Zhou, G. 
R. Patzke, Efficient photocatalytic hydrogen evolution with ligand engineered all- 
inorganic InP and InP/ZnS colloidal quantum dots, Nat. Commun. 9 (2018) 1–10. 

[5] J. Huang, B. Xu, L. Tian, P.B. Pati, A.S. Etman, J. Sun, L. Hammarström, H. Tian, 
A heavy metal-free CuInS2 quantum dot sensitized NiO photocathode with a Re 
molecular catalyst for photoelectrochemical CO2 reduction, Chem. Commun. 55 
(2019) 7918–7921. 

[6] J.Y. Chang, S.C. Chang, S.H. Tzing, C.H. Li, Development of nonstoichiometric 
CuInS2 as a light-harvesting photoanode and catalytic photocathode in a sensitized 
solar cell, ACS Appl. Mater. Interfaces 6 (2014) 22272–22281. 

[7] E.H. Sargent, Colloidal quantum dot solar cells, Nat. Photonics 6 (2012) 133–135. 
[8] Y. Cao, A. Stavrinadis, T. Lasanta, D. So, G. Konstantatos, The role of surface 

passivation for efficient and photostable PbS quantum dot solar cells, Nat. Energy 1 
(2016) 1–6. 

[9] Y.H. Chiang, K.Y. Lin, Y.H. Chen, K. Waki, M.A. Abate, J.C. Jiang, J.Y. Chang, 
Aqueous solution-processed off-stoichiometric Cu-In-S QDs and their application in 
quantum dot-sensitized solar cells, J. Mater. Chem. A 6 (2018) 9629–9641. 

[10] G. Wang, H. Wei, J. Shi, Y. Xu, H. Wu, Y. Luo, D. Li, Q. Meng, Significantly 
enhanced energy conversion efficiency of CuInS2quantum dot sensitized solar cells 
by controlling surface defects, Nano Energy 35 (2017) 17–25. 

[11] J. Luo, H. Wei, Q. Huang, X. Hu, H. Zhao, R. Yu, D. Li, Y. Luo, Q. Meng, Highly 
efficient core-shell CuInS2-Mn doped CdS quantum dot sensitized solar cells, 
Chem. Commun. 49 (2013) 3881–3883. 

Fig. 9. PDOS of surface defect CIS/ZnS core/shell quantum dot (with 3 ML) 
and the defect corresponding frontier orbital of the surface. 

D. Voigt et al.                                                                                                                                                                                                                                    

https://doi.org/10.1016/j.optmat.2021.110994
https://doi.org/10.1016/j.optmat.2021.110994
http://refhub.elsevier.com/S0925-3467(21)00195-6/sref1
http://refhub.elsevier.com/S0925-3467(21)00195-6/sref1
http://refhub.elsevier.com/S0925-3467(21)00195-6/sref2
http://refhub.elsevier.com/S0925-3467(21)00195-6/sref2
http://refhub.elsevier.com/S0925-3467(21)00195-6/sref2
http://refhub.elsevier.com/S0925-3467(21)00195-6/sref3
http://refhub.elsevier.com/S0925-3467(21)00195-6/sref3
http://refhub.elsevier.com/S0925-3467(21)00195-6/sref3
http://refhub.elsevier.com/S0925-3467(21)00195-6/sref4
http://refhub.elsevier.com/S0925-3467(21)00195-6/sref4
http://refhub.elsevier.com/S0925-3467(21)00195-6/sref4
http://refhub.elsevier.com/S0925-3467(21)00195-6/sref5
http://refhub.elsevier.com/S0925-3467(21)00195-6/sref5
http://refhub.elsevier.com/S0925-3467(21)00195-6/sref5
http://refhub.elsevier.com/S0925-3467(21)00195-6/sref5
http://refhub.elsevier.com/S0925-3467(21)00195-6/sref6
http://refhub.elsevier.com/S0925-3467(21)00195-6/sref6
http://refhub.elsevier.com/S0925-3467(21)00195-6/sref6
http://refhub.elsevier.com/S0925-3467(21)00195-6/sref7
http://refhub.elsevier.com/S0925-3467(21)00195-6/sref8
http://refhub.elsevier.com/S0925-3467(21)00195-6/sref8
http://refhub.elsevier.com/S0925-3467(21)00195-6/sref8
http://refhub.elsevier.com/S0925-3467(21)00195-6/sref9
http://refhub.elsevier.com/S0925-3467(21)00195-6/sref9
http://refhub.elsevier.com/S0925-3467(21)00195-6/sref9
http://refhub.elsevier.com/S0925-3467(21)00195-6/sref10
http://refhub.elsevier.com/S0925-3467(21)00195-6/sref10
http://refhub.elsevier.com/S0925-3467(21)00195-6/sref10
http://refhub.elsevier.com/S0925-3467(21)00195-6/sref11
http://refhub.elsevier.com/S0925-3467(21)00195-6/sref11
http://refhub.elsevier.com/S0925-3467(21)00195-6/sref11


Optical Materials 115 (2021) 110994

10

[12] X. Zhang, X. Huang, Y. Yang, S. Wang, Y. Gong, Y. Luo, D. Li, Q. Meng, 
Investigation on new CuInS2/carbon composite counter electrodes for CdS/CdSe 
cosensitized solar cells, ACS Appl. Mater. Interfaces 5 (2013) 5954–5960. 

[13] Y.H. Won, O. Cho, T. Kim, D.Y. Chung, T. Kim, H. Chung, H. Jang, J. Lee, D. Kim, 
E. Jang, Highly efficient and stable InP/ZnSe/ZnS quantum dot light-emitting 
diodes, Nature 575 (2019) 634–638. 
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