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Highly photoluminescent core/shell CuInS
2
/ZnS (CIS/ZnS) nanocrystals were synthesized. Zinc acetate and dodecanethiol in

octadecene solvent were used for shell growth. The structure and composition of QDs were investigated with inductively coupled
plasma-optical emission spectroscopy, X-ray photoelectron spectroscopy, and transmission electron microscopy.The crystal phase
of CIS was tetragonal chalcopyrite. Based on X-ray diffraction analysis, it has been concluded that the growth of the ZnS shell did
not affect the phase structure of CuInS

2
(CIS). Photoluminescence (PL) quantum yield (QY) of CIS increased to 80% after epitaxial

growth of ZnS, and the PL emission wavelength can be feasibly tuned to be in the range of 560–710 nm by adjusting shell growth
time. The superb photostability with high PL QY of CIS/ZnS nanocrystals is ascribed to the gradient of the chemical composition
that has been formed between the core and the shell.

1. Introduction

Semiconducting nanocrystals or quantum dots (QDs) are
characterized by a quantum confinement of electron and
hole in all three dimensions, which leads to an increase in
the effective band gap of the material and shifts of both
the optical absorption and emission of semiconducting QDs
depending on the particle size; larger particles display smaller
band gaps while smaller particles show larger band gaps.
QDs can be applied in the fields of flexible solar cells [1],
thermoelectric devices [2], light emitting diodes (LED) [3, 4],
liquid crystal molecules (LCD) [5], sensors [6], fluorescent
probes [7–9], biolabeling [10], anticounterfeiting [11], lasers
[12–14], and so forth. Some of these QDs are CdSe [15],
CdTe [16], CdS [17], PbSe [18], and FeSe

2
[19]. However,

most of these semiconductors contain toxic heavy metals
such as Cd, Pb, and Te, which limits their application in
consumer products. Consequently, many researchers turned
their attention to alternative nontoxic or minimally toxic

semiconductor compounds. Ternary semiconductors based
on IB, IIIA, and VIA elements of the periodic classification
(I-III-VI

2
type semiconductors) including CuInS

2
(CIS),

CuInSe
2
(CISe), AgInS

2
(AIS), and CuGaS

2
(CGS) have

shown promising results for applications in these fields.
Among these semiconductors, CIS semiconductors have
been receiving considerable attention because of their low
toxicity, high energy conversion efficiency, high light absorp-
tion coefficient (𝛼 ≈ 105 cm−1) [20], and low production cost,
which are desired properties for photovoltaic applications.

Various approaches have been reported for CIS synthesis
including solvothermal synthesis [21], single-source precur-
sor routes [22], and hot injection techniques [23], which
can produce high quality CIS QDs based on monodispersity,
crystallinity, and high photoluminescence efficiency. How-
ever, the photoluminescence (PL) quantum yield (QY) is
usually lower than 10%, which is still far from commercial
application. Furthermore, the PL efficiency is not stable and
QDs are sensitive to air [24, 25]. In order to overcome these
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obstacles, several concepts aiming at modification of the
crystal surface have been proposed. For example, CIS-ZnS
alloyed QDs were synthesized by diffusing Zn into CIS seeds
at high temperatures in solution so the QY could reach 39%
[26]. Xie et al. prepared CIS/ZnS using S as an anion source
and the reaction was carried out below 200∘C with a maxi-
mumQY around 30%. Photostability of CIS was significantly
improved when coating it in ZnS by sitting in air condition
for several months [25]. Li et al. used zinc ethylxanthate as
a Zn source, dodecanethiol, DMF, ODE, and toluene (added
in a shell formation step), achieving a high QY around
60% [27]. Li et al. reported the record value of 67% QY of
CIS/ZnS and 86%QYof CIS/CdSQDs, in which the shell was
generated by reaction of zinc stearate (or cadmium oleate)
with S in trioctylphosphine (TOP) and octadecene (ODE)
solution [28]. Recently, Zhang et al. synthesized hydrophilic
CIS/ZnS QDs with a maximum PL QY of 9% by using in
situ generated H

2
S as the sulphur source, DMF as the solvent,

and 1-thioglycerol as the capping ligands. The photostability
of CIS/ZnS was increased relative to bare CIS QDs, but the
PL efficiency decreased rapidly after the first week due to
the surface oxidation [24]. Although significant progress has
been made in the preparation of shell-coated CIS QDs, there
are still some issues to be addressed. For example, a blue
shift occurs during the process of ZnS shell growth around
the CIS QDs, which has also been noted in previous work
[21, 27–29]. Different reasons for this behavior have been
suggested, such as interdiffusion of Zn atoms [21], surface
reconstruction [27], etching of the plain core material [28],
and cation exchange [29]. Moreover, the CIS-based QDs with
the highest QY to our knowledge were synthesized based on
the growth of toxic CdS, which limits its future applications.

In this work, a simple synthetic process for the growth of
ZnS on CIS surface was developed in order to improve PL
efficiency of CIS QDs. During the synthesis, CIS core QDs
were prepared based on the recipe published in the literature
[25]; ZnS precursor containing zinc acetate, dodecanethiol
(DDT), and octadecene (ODE) was then injected into the
same reactor with existing CIS cores that have not been
purified for ZnS shell growth.DDTwas used as the S source as
well as a capping ligand.This is a green, simple, and econom-
ical method to obtain highly luminescent and structurally
stable QDs for the following reasons: only affordable and
nontoxic materials were used in the synthesis; the solvent,
S source, and ligand used in the shell growth step were the
same as those in the CIS core synthesis, which simplified the
separation steps in postprocess treatment and saves cost in
large scale production.

2. Experimental

2.1. Chemicals. Zinc acetate (Zn(Ac)
2
, 99.9%) was purchased

from Tokyo Chemical Industry Co., Ltd. Copper (I) acetate
(CuAc, 99%) and indium acetate (In(Ac)

3
, 99.99%) were

purchased from ABCR. Dodecanethiol (DDT, 97%) was pur-
chased from Acros. Octadecene (ODE, 90%) was purchased
from Alfa. All chemicals were directly used without further
purification.

2.2. Synthesis of CIS QDs. Zn(Ac)
2
(0.60mmol) and In(Ac)

3

(0.60mmol) were mixed with 15mL of ODE and 1.5mL of
DDT in a 100mL three-neck flask under N

2
atmosphere.

The mixture was degassed for 30min under magnetic stir-
ring and then heated to 240∘C for reaction. The heating
source was removed to stop the reaction after set time and
crude CIS solution was obtained. Three equivalents of an
acetone/isopropanol mixture (1/4 by v/v) were added to the
crude CIS solution, and then CIS QDs were separated by cen-
trifugation at 9000 rpm for 20min. The CIS QDs were then
redispersed in toluene, rinsed with the acetone/isopropanol
mixture, and then separated at least twice more in order to
eliminate byproducts, unreacted starting reagents, and excess
ligand and solvent.

2.3. Synthesis of Core/Shell CIS/ZnS QDs. The Zn-precursor
solution was prepared by dissolving a certain amount of
Zn(Ac)

2
(Zn/Cu feeding molar ratio is in the range of 1–

16) in mixture of 3mL of DDT and 6mL of ODE. Without
an intermediate purification step of the CIS QDs, the ZnS
precursor solution was rapidly added into the crude CIS
solution and the temperature was adjusted for shell growth
without any purification. The shell growth temperature was
tuned in the range of 220∼240∘C. Separation and purification
of obtained core/shell CIS/ZnS QDs were carried out in the
same way as described for CIS QDs.

2.4. Characterization. UV-vis absorption spectra of CIS and
core/shell CIS/ZnS QDs were measured by UV-vis spec-
trophotometer (Varian, USA). The samples were diluted
by toluene until the absorption values of the QDs were
around 0.05 at 485 nm. The PL spectra of the QDs were
measured by spectrofluorometer (Cary Eclipse, Varian, USA)
at excitation wavelength of 485 nm. QYs of the samples were
determined by comparing their integrated emissions with
those of standard dye of rhodamine B with a known QY
of 97% in an ethanol solution. The samples were diluted in
toluene following the measurement rules of UV-vis and PL
spectra. The QYs of samples were determined according to

𝑌
𝑄
= 𝑌
𝑆
×

𝐹
𝑄

𝐹
𝑆

×

𝐴
𝑆

𝐴
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2
, (1)

wherein 𝑌
𝑄
refers to the QY of obtained samples; 𝑌

𝑆
refers to

the QY of standard dye of rhodamine B; 𝐹
𝑄
and 𝐹

𝑆
represent

the integral intensity under PL spectrum of samples and
rhodamine B, respectively; 𝐴

𝑄
and 𝐴

𝑆
are the absorption

values at the excitationwavelength of samples and rhodamine
B, respectively;𝐷

𝑄
and𝐷

𝑆
refer to the refractive index of the

corresponding solvent of samples and rhodamineB.The crys-
tal phase of samples was obtained byX-ray diffraction devices
(XRD, RigakuCorporation, andD/max-2200/PC).TheX-ray
source used was Cu/K𝛼 (40KV, 30mA). The shape and size
of the samples were observed using TEM (CM20, Philips).
The samples were drop-cast from a diluted dispersion in
toluene onto a thin holey carbon film by a copper grid. X-ray
photoelectron spectroscopy (XPS, ESCALAB 250Xi, Ther-
mofisher Scientific) was used to analyze the shell thickness
of samples and surface composition, where Al K𝛼 was used
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as the excitation source. Inductively coupled plasma-optical
emission spectroscopy (ICP-OES, Varian 710ES) was used to
analyze the elemental chemical composition of samples. The
samples were digested in concentrated HNO

3
solutions to

make a 10 ppm solution.

3. Results and Discussion

The recipe for the synthesis of CIS QDs was derived from
Zhong’s method [32]. During the synthesis of CIS, the Cu/In
feeding molar ratio was kept at 1. The growth of shell was
carried out by adding Zn-precursor solution to the above
crude CIS solution with different Zn/Cu feeding molar ratio.
XPS, ICP-OES, and TEM were combined to characterize
the grown QDs. The results indicated that by adding Zn-
precursor solution into CIS-containing solution at high
temperature a core/shell structure with a gradient chemical
composition between CIS core and ZnS shell has been
formed. The epitaxial growth of shell was carried at 240∘C
for 180min. XPS was used to measure the surface chemical
composition of nanocrystals with limited depth, while ICP-
OES was used to record the body chemical composition
of nanocrystals. Table 1 shows the measured Zn/Cu atomic
ratio by XPS and ICP-OES of samples using different Zn/Cu
feeding molar ratios. The Zn/Cu atomic ratio showed the
same rising tendency with the increase of the Zn/Cu feeding
molar ratio. Furthermore, the value measured by XPS was
usually higher than that obtained by ICP-OES. These results
indicate that ZnS precipitated mainly on the CIS surface
during the epitaxial growth. Photoelectron intensity variation
of elements was used to show that ZnS was growing on the
CIS surface as a shell. The exponential decrease of Cu and In
peaks’ intensities should be complemented by an exponential
increase of the intensities of the Zn photoelectron peaks if
ZnS only grows as a shell on the CIS. As shown in Figure 1(a),
CIS QDs exhibited strong photoelectron signals with the
peaks of Cu 2p, In 3d, and In Auger 3d, while in CIS/ZnSQDs
Zn 2p and Zn Auger peaks gradually became more prevalent
accompanied with the screening of these In- and Cu-related
peaks with the increase of the Zn/Cu feeding molar ratio.
Based on the above analysis, it could be concluded that ZnS
coated the CIS surface and served as a shell.

XPS was used to estimate the thickness of ZnS layer.
Figure 1(b) presents high resolution scans of Cu 2p photoelec-
trons from CIS and CIS/ZnS QDs, respectively. As reported
surface structure analysis of core/shell QDs by Nam et al.
on CIS/ZnS and Choi et al. on Gd

2
O
3
:Eu3+ [33, 34], the

shell thickness could be approximated by using a simple
principle of the exponential dependence of the core element-
related photoelectron intensity on the shell thickness, which
is expressed as 𝐼/𝐼

0
= exp(−𝑡/𝜆). Here, 𝐼/𝐼

0
is the normalized

core element-related photoelectron intensity in a core/shell
particle relative to that in the core counterpart, 𝑡 is the
shell thickness, and 𝜆 is the attenuation distance of the
photoelectron in the shell. In order to simplify the calculation,
a direct core/shell structure of CIS/ZnS is assumed. The
growth of a ZnS shell on CIS core was calculated by an
exponential attenuation of the intensity of the Cu 2p core
photoelectron peaks. 𝐼/𝐼

0
for the Cu 2p peak was calculated

Table 1: Comparison of Zn/Cu atomic ratio of prepared samples by
ICP-OES and XPS.

Zn/Cu feeding molar
ratio

Zn/Cu atomic ratio by
ICP-OES

Zn/Cu atomic
ratio by XPS

2 1.5 1.7
4 3.1 4.8
8 6.3 7.0
16 13.0 18.7

from Figure 1(b) based on the Cu 2p photoelectron kinetic
energy of 555 eV (binding energy of Cu 2p photoelectron:
931 eV), and 𝜆 in ZnS was estimated as ∼1.2 nm [33, 34].
Figure 1(c) is the calculated thickness of ZnS shell at different
Zn/Cu feeding molar ratio. The calculated averages of ZnS
shell thickness are 0.5, 0.9, 2.4, and 2.8 nm at Zn/Cu feeding
molar ratios of 2, 4, 8, and 16, respectively.

TEM was used for investigation of the particle size
variation of bare CIS and after adding at high temperature
Zn precursor into CIS-containing solution. By analysis of
the TEM images, we determined the mean diameters of
bare CIS for 60min at 240∘C to be 3.3 nm (Figure 2(a)),
and the particle size increased to around 4.3 nm while the
shell was growing on CIS surface for 180min at 240∘C with
Zn/Cu feeding molar ratio of 4 (Figure 2(b)). The thickness
of the shell is estimated to be 0.5 nm by assuming a relatively
uniform shell regardless of a CIS particle size. As ZnS is the
supposed composition as the shell, it is around 1.5 layers based
on a 0.3 nm ZnS monolayer [35]. The estimated thickness of
a ZnS layer by XPS (0.9 nm) is thicker than that measured
by TEM (0.4 nm) when comparing the measurement result.
Since CIS and ZnS have a small lattice mismatch (2-3%) and
crystallographic similarity [33], the element exchange might
happen at a high growth temperature and induce the changes
of CIS core size. The value gap from XPS and TEM result
might be due to an additional layer that is formed between
CIS core and ZnS shell.

In order to prove this assumption, the temporal evolution
of element composition of CIS/ZnS QDs was measured at
different growth times and compared via ICP-OES. The
evolution of Zn/(Cu + In) and In/Cu atomic ratio as a
function of the growth time of shell is shown in Figure 3.
If we assume that CIS/ZnS QDs have a pure core/shell
structure, the constant In/Cu atomic ratio and an increased
Zn/(Cu + In) atomic ratio should be expected. As predicted,
the amount of Zn/(Cu + In) ratio increased from 1.36 to 1.59
over a shell growth time of from 5 to 60min (Figure 3(a)).
However, the In/Cu value decreased from 1.28 to 0.93 as the
shell growth time grew from 5min to 60min (Figure 3(b)),
showing a trend for a Cu-rich composition in the shell, which
is different from expectation. Considering the decrease of
In/Cu molar ratio in epitaxial growth, parts of In3+ on CIS
surface should be replaced by Zn2+ during the shell growth
at high temperature, inducing the increase of ZnS thickness
and shrinking of the CIS core [36].The In3+ could be replaced
by Zn2+ easily due to the small difference of Gibbs formation
enthalpy and small lattice mismatch between CIS and ZnS
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Figure 1: (a) XPS peaks from CIS and core/shell CIS/ZnS QDs with different Zn/Cu feeding molar ratios, (b) high resolution scans of Cu
2p photoelectrons, and (c) normalized intensity of the Cu 2p peak versus ZnS shell thickness. The solid line is an exponential attenuation
curve based on a ZnS photoelectron escape distance of 1.2 nm.The calculated averages of ZnS shell thickness are 0.5, 0.9, 2.4, and 2.8 nmwith
Zn/Cu feeding molar ratios of 2, 4, 8, and 16, respectively.

[10, 29, 37, 38]. It was proved that the epitaxial grownCIS/ZnS
QDs had a gradient chemical composition between CIS core
andZnS shell (the so-called gradient core/shell CIS/ZnS).The
thickness calculated by XPS obviously includes not only ZnS
but also gradient layers.

On the basis of the discussion, we can trace the growth
mechanism of gradient core/shell CIS/ZnS QDs as follows
(Figure 4): CuAc, In(Ac)

3
, and DDT initially reacted to form

CIS QDs as Zn(Ac)
2
and DDT were added; ZnS was coated

on the surface of CIS QDs with prolonged shell growth
time to form a ZnS layer accompanied with the gradual
replacement of In3+ by Zn2+ on the surface and forming

gradient ZnCuInS
2
(Zn-CIS) layers. As the shell growth time

was prolonged, more ZnS was deposited on the surface of
QDs and the thickness of Zn-CIS layer increased due to
continuous replacement of Zn2+. Finally, gradient core/shell
CIS/ZnS QDs formed with the shrinked core size.

The crystal phase of obtained QDs was measured by
XRD. Figure 5 shows the XRD patterns of prepared samples
with Zn/Cu feeding molar ratios in the range of 0∼16. The
bare CIS QDs prepared exhibited three broad peaks at 2𝜃 =
27.87∘, 46.23∘, and 55.08∘, which were assigned to diffractions
of the (112), (204), and (312) planes of chalcopyrite CIS
crystal, respectively [30]. After shell growth, the above three



Journal of Nanomaterials 5

10nm

(a)

10nm

(b)

Figure 2: TEM images of (a) 60min grown CIS QDs at 240∘C, and (b) CIS/ZnS QDs with a core reaction time of 60min at 240∘C and a shell
growth time of 60min at 240∘C. Zn/Cu feeding molar ratio was 4. The mean diameter of bare CIS is 3.3 nm, and CIS/ZnS QDs have a mean
diameter of 4.3 nm.
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Figure 3: (a) Zn/(Cu + In) and (b) In/Cu atomic ratio changes with shell growth time. CIS QDs were prepared at 240∘C for 60min; and ZnS
shell was grown at 240∘C for 0∼60min with Zn/Cu feedingmolar ratio of 4.The atomic concentration in nanocrystals was tested by ICP-OES.

broad peaks can still be observed, and each peak was located
between the peaks for bulk zinc blend ZnS and chalcopyrite
CIS. In addition, all of the peaks exhibited a shift to larger
angles with an increase of the Zn/Cu molar ratio in the feed.
This indicated that the fraction of ZnS inflated with increase
of Zn/Cu feedingmolar ratio.The diffraction peaks shifted to
high 2𝜃 angles because of the strain from epitaxial growth of
ZnS on a CIS core.

In accordance with the size-dependent properties of
semiconductors, the growth of ZnS influenced PL wave-
lengths and intensities. Figures 6(a) and 6(b) display the
UV-vis absorption and PL behavior of as-prepared CIS and
gradient core/shell CIS/ZnS QDs dispersed in a toluene
solution. CIS cores were synthesized at a fixed temperature
of 240∘C for 60min. Similar with previously reported results
for I-III-VI group QDs [27, 32], the absorption spectrum has
no obvious absorption peaks like traditional binaryQDs such
as CdSe [39, 40].ThePL spectrumdisplayed a broad emission
bandwidth (FWHM) of 90∼110 nm. The QY of obtained CIS
QDs was 5.7%. The epitaxial growth of shell ZnS was kept
at 240∘C for 5∼120min based on the obtained CIS solution.

As shown in Figure 6(b), the growth of ZnS on CIS core
QDs resulted in a significant enhancement of the PL intensity.
As the time of the shell growth varied from 5 to 180min,
the PL intensity and QY increased to a maximum value
of 80% at 90min. At longer times, QY slightly declined to
75% at 180min (Figure 6(c)). The dramatic improvement of
PL intensity is because the reduction of surface defects (S,
In∙∙∙, InCu

, In, Cu, InCu
∙∙, Cu, etc.) acted as traps by the

ZnS shell. Therefore, the elimination of defects minimizes
the probability of undesired nonradiative and donor-acceptor
pair recombination [22, 23, 41, 42]. The increase of the PL
intensity and of QY with growth time of shell could be
rationalized by the growth of ZnS supported by the gradual
release of S from decomposition of DDT. Since DDT acted
as capping ligands on surface layer in addition to being a S
source. At very long time (>90min), DDT on the surface of
CIS/ZnS QDs was decomposed gradually and new defects
were probably generated, causing the slight decrease of QY.

It is noted that the emission spectrum of CIS/ZnS QDs
had a continuous blue shift that increased with growth time
of the shell. The CIS/ZnS QDs exhibited a dramatic blue shift
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of 37 nm from 654 nm for a bare CIS to 617 nm for core/shell
QDs after 5min of shell growth and to 580 nm after 180min.
The blue shift can be attributed to the combined effects of
surface passivation by ZnS as well as the shrinking of CIS
core. Surface passivation by ZnS induced the elimination
or reduction of nonradiative transition and donor-acceptor
emission with low energy level. The increased fraction of
free-to-bound emissions with high energy level during the
gradual surface passivation of CIS is one of the reasons
for blue shift of PL spectrum. At the beginning of shell
growth, a dramatic blue shift of PL wavelength is the main
contribution of ZnS passivation.The Zn2+/In3+ ion exchange
caused shrinking of CIS core as the shell grew at temperature
above 200∘C, which is another reason for the continuous blue
shift of the PL wavelength. The PL properties of CIS/ZnS
QDs also supported our hypothesis of gradient core/shell
structures.Thegradient of the chemical composition between
CIS core and ZnS shell decreases also their lattice mismatch.
In turn, crystal defects can be minimized and the high QY
could be reached. A series of gradient core/shell CIS/ZnS
QDs can be tuned to emit in the 560–710 nm range through
adjustment of the shell growth time (Figure 7). The effects of
other parameters such as Zn/Cu feedingmolar ratio and shell

growth temperature on emission properties will be discussed
and presented elsewhere.

The growth of core/shell nanocrystals improved not only
the PL efficiency of the CIS QDs but also their photostability.
The prepared CIS and CIS/ZnS QDs were stored in ambient
condition without any inert protection. The PL QY changes
of the samples were monitored under different storage time.
As shown in Figure 8, QY of the fresh prepared CIS decreased
from9% to 2%after 1month and to zero after two years, which
indicated the unstable properties of CIS to air. However, QY
of as-prepared CIS/ZnSQDs has only slightly decreased from
80% to 79% after 1 month and stayed at 72% two years later.
It indicated that the ZnS surface on CIS will keep it from
oxidizing. The high photostability of CIS/ZnS QDs promotes
the potential in photovoltaic applications.

4. Conclusions

In summary, a simple method for synthesis of gradient
core/shell CIS/ZnS QDs with high photoluminescence was
developed using zinc acetate as Zn source and DDT both as S
source and ligands at high temperatures for shell growth.The
structure obtained QDs were traced as a core/shell structure
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Figure 6: Temporal evolution of (a) absorption spectra, (b) PL spectra, and (c) QY and PL emission wavelength of as-prepared gradient
core/shell CIS/ZnS QDs. CIS cores were synthesized at 240∘C for 60min. CIS/ZnS QDs were synthesized at shell growth temperature of
240∘C and Zn/Cu feeding molar ratio of 4. The ZnS shell growth time was ranged from 5min to 180min.

with a gradient chemical composition between CIS core and
ZnS shell by ICP-OES, XPS, and TEM analysis. The crystal
phase of CIS was tetragonal chalcopyrite and the ZnS growth
at high temperature did not affect the phase structure of CIS
based on XRD analysis. PL QY of CIS QDs was increased to
above 80%due to theZnS shell.The growth of the shell caused
reduction of the surface defects and minimized nonradiative
emission. The obtained gradient core/shell CIS/ZnS QDs
exhibit high PL intensity and quantum yield due to the
gradient in the chemical composition between CIS core and

ZnS shell, which effectively decreases their lattice mismatch.
The PL emission can be tuned in the range of 560–710 nm by
adjusting shell growth time.The prepared CIS/ZnS QDs have
high photostability in ambient condition since ZnS surface
can keep QDs from oxidizing.
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