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A facile strategy has been developed for the synthesis of highly luminescent Cu–In–Zn–S (CIZS)
quaternary alloyed nanocrystals. The photoluminescence emission wavelength could be tuned from
520 nm to 700 nm only by varying the diffusion temperature, and an up to 76% of quantum yield was
obtained after coating with the ZnS shell. The results of high resolution transmission electron microscopy
and X-ray diffraction demonstrated the small particle size (2.5 nm), high crystallinity and alloyed
structure of all the CIZS NCs. The photoluminescence mechanism of CIZS NCs before and after ZnS coating
was also investigated by analyzing the PL decay curves.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

CuInS2 (CIS) has been intensively investigated due to its optical
and photovoltaic properties [1–3]. However, the photolumines-
cence quantum yield (PLQY) is always low (about 5%), which is not
suitable for special applications where strong fluorescence is
required. As an alternative, quaternary Cu–In–Zn–S NCs have
received considerable attention [4–6]. Apart from the highly
improved emission efficiency, the optical spectrum of CIZS can
be varied in the whole visible region through alloying CIS
(Eg¼1.5 eV) with ZnS (Eg¼3.7 eV), which is of special interest in
both solar energy conversion and fluorescence emission. An early
example was reported by Nakamura et al. through thermolysis of
zinc dithiocarbamate with copper iodide and indium iodide in
oleylamine solution [4]. The PL wavelength of CuInS2–ZnS NCs was
controllable from 570 to 800 nm. Recently, Zhang et al. synthe-
sized CIZS alloyed NCs via a reaction between the acetate salts and
elemental sulfur in a noncoordinating solvent and the PLQY
increased to 56% [7]. However, their method is complicated,
requiring the pre-treatment of all the metal precursors. Moreover,
most of CIZS NCs were synthesized directly by heating in one-pot,
which is a challenge for balancing the relative chemical reactivity
of cationic precursors. Thus, much effort has been focused on
seeking a simple method to prepare CIZS NCs with controlled
compositions and relative chemical reactivity of cationic precursors.

In this paper, highly luminescent CIZS alloyed NCs were
synthesized using commercial precursors by a stepwise approach.
Only by changing the diffusion temperature, a variety of CIZS NCs

with different band gaps could be obtained. The as-prepared NCs
showed high quality luminescence properties and high crystal-
linity with narrow size distribution. This simple method has the
potential to control the relative chemical reactivity of cationic
precursors and compositions of the resulting CIZS NCs.

2. Experimental

In a typical procedure, 4.5 mg of copper (II) acetate, 29.2 mg of
indium acetate, 0.5 ml of n-dodecanethiol, and 5 ml of 1-octadecene
(ODE) were loaded into a three-necked flask. After being degassed
and purged with argon, the mixture was heated to 100 1C for 10 min,
followed by increasing to 230 1C for another 30 min. Subsequently, a
solution of 36.7 mg of zinc acetate dissolved in 2 ml of oleylamine
was injected into the flask, followed by heating under several
temperatures for 30 min. For the ZnS shell overcoating, a stock
solution of 91.7 mg of zinc acetate dissolved in 2 ml of TBP was
added dropwise to the CIZS solution at 210 1C, followed by main-
taining for 30 min. After cooled to room temperature, the NCs were
isolated by adding ethanol and re-dispersed in toluene.

X-ray diffraction (XRD) measurement was performed by a
Rigaku D/MAX-rA diffractometer with Cu Kα radiation. Transmis-
sion electron microscopy (TEM) images were recorded by JEM2010
with an EDS attachment operating at an accelerating voltage of
200 kV. X-ray photoelectron spectroscopy (XPS) measurements
were performed with a Kratos XSAM800 system using Mg Kα
source. UV–vis absorption spectra were recorded by a Nicolet
Evolution 300 spectrometer. PL spectra and decay curves were
measured with an Edinburgh FLS920 spectrometer (λex¼390 nm).
The PLQYs were determined using Rhodamine 6G in ethanol as a
standard (PLQY¼95%).
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3. Results and discussion

Fig. 1a and b presents the absorption and emission spectra of
CIZS NCs, respectively. The absorption band edges underwent a
substantial blue-shift with an increase in diffusion temperature.
HRTEM observation (Fig. S1) indicated that all of CIZS samples had
almost the same particle size, excluding the size effect on the shift
of band edges. Thus, the shift of absorption band edges can be
attributed to variation in the composition of CIZS NCs (Table S1).
Also, the corresponding PL emission peaks were tunable from
700 nm to 520 nm, implying the nature of introduction of Zn into
CIS NCs. With the continuous heating after zinc precursor injec-
tion, CIS–ZnS alloyed structure would be formed by incorporating
the wider band gap ZnS into the narrower band gap CIS. The
reactivity of Zn2þ will be improved with increasing temperature,
leading to an increasing amount of Zn2þ diffused [8]. Accordingly,
the level of band gap formed will be enlarged and the greater
blue-shift will occur. It is worth noting that the whole PL spectra
maintained a single peak rather than multiple peaks compared to
the previous reports [7,9], indicating the success in controlling the
relative chemical reactivity of cationic precursors and preventing
independent nucleation with this facile strategy.

Fig. 1c shows the picture of CIZS samples under a 365 nm UV
lamp. As can be seen obviously, the emission colors ranged from
deep red to green. Also, the PLQY of resulting NCs varied from 19%
to 35% with increase in diffusion temperature. The enhanced PL

Fig. 1. Absorption, PL spectra, PLQY (inset) and photograph of CIZS NCs under different diffusion temperatures.

Fig. 2. HRTEM image of CIZS NCs prepared with the diffusion temperature of
230 1C.
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intensity, compared to pure CuInS2 NCs, was ascribed to an
increase in the population of donor–acceptor defects which were
required for DAP recombination through highly off-stoichiometric
([Cu]/[In] molar ratio of 1:4) effects [10]. Moreover, the alloying
ZnS component introduced more lattice dislocation into the
system and thus hardening the crystal structure [11]. As a result,
more Zn2þ being introduced exhibited much higher quantum
yield.

The HRTEM image illustrated the nearly spherical and mono-
dispersed NCs (Fig. 2), implying high nanocrystal quality. More-
over, the continuous lattice fringes throughout the whole particle
revealed the high crystallinity with a d-spacing of 3.14 Å. In spite
of the difference in diffusion temperature, the sizes of all the CIZS
NCs were about 2.5 nm (Fig. S1).

Fig. 3a shows the XRD patterns, demonstrating the crystallinity
and structure of CIZS NCs. A similar zinc blend structure could be

Fig. 3. XRD patterns (a), EDS spectra (b), XPS survey spectrum (c), the XPS spectrum of Cu 2p (d), the XPS spectrum of In 3d (e), the XPS spectrum of Zn 2p and (f) the XPS
spectrum of CIZS NCs.
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observed in all NCs and the diffraction pattern peaks shifted
toward higher angles with increasing diffusion temperature. All
the three characteristic peaks were located between the distinct
diffraction peaks of CuInS2 (JCPDS 47-1372) and ZnS (JCPDS
65-9585), indicating the introduction of Zn2þ ions and the
formation of Cu–In–Zn–S alloyed structure.

The introduction of Zn into CIS was further supported by EDS
analysis and XPS result. As shown in Fig. 3b, Zn element is
detected in all of the CIZS samples. With increase in diffusion
temperature, the mole fraction of Zn (Zn/(Cuþ Inþ Zn)) increased
from 28.54% to 54.65% systematically (Table S1). It was clearly
shown that the Zn contents were increased effectively with
increasing diffusion temperature. The prominent peaks of Zn 2p
were obtained from XPS result (Fig. 3c), confirming the presence of
Zn atoms in CIZS NCs, and the calculated atomic ratio obtained
from the XPS spectra was in line with the EDS result (Table S2). In
addition, the 2p3/2(931.8 eV) and 2p1/2 (951.6 eV) peaks of Cu, the
3d5/2(444.8 eV) and 3d3/2(452.3 eV) peaks of In, and the 2p3/2

(1021.7 eV) and 2p1/2 (1044.8 eV) peaks of Zn indicated that their
valence states were þ1, þ3, and þ2, respectively.

As reported in the previous studies [12,13], the introduction of
Zn into CIS was achieved by partial cation exchange of Cuþ or In3þ

with Zn2þ . However, compared to CIS, the extent of blue-shift for
CIZS reported in those studies was much less than that in our
study. Considering there so many Cu-related defects inside the CIS
NCs, some Zn2þ may fill the vacancy sites related to Cu-defects in
the process of introducing Zn into CIS. In combination with cation
exchange, Zn interstitials at Cu vacancy sites will result in the
introduction of more Zn2þ into CIS NCs, meaning much more ZnS
being incorporated into CIS which naturally increases the level of
blue-shift. The higher the diffusion temperature, the higher the
reactivity of Zn2þ , and the more the amount of Zn2þ . Therefore,
the broad PL spectra are attributed to both partial cation exchange
and the filling of vacancy sites related to Cu-defects, the latter of
which may play a more important role.

To further improve the PLQY, the surface passivation was made
by in situ growth of a ZnS shell on the CIZS core NCs. As shown in
Fig. S2, a dramatic improvement on PLQY could be viewed for all
the CIZS NCs (a range of 45–76%) after the ZnS overcoating due to
the elimination of surface trap states. From the HRTEM image in
Fig. S3, the sizes of CIZS/ZnS NCs are about 3.1 nm, slightly larger
than those of the plain CIZS core NCs, indicating the successful
growth of ZnS shell on the CIZS core NCs.

PL relaxations of CIS, CIZS and CIZS/ZnS NCs were character-
ized, which could be well fitted by a triple-exponential function: I
(t)¼A1exp(�t/τ1) þA2exp(�t/τ2)þA3exp(�t/τ3) [14]. As shown
in Fig. 4, CIS NCs exhibit a more rapid decay of photoluminescence
which is attributed to nonradiative recombination induced by the
intrinsic and surface defects [10]. In contrast, the contribution of
fast decay components τ1 and τ2 decreased while long decay
component τ3 increased for the CIZS NCs (Table S3), indicating that
the amount of structural defects was reduced by the diffusion of
Zn into CIS crystal structure, and thus inducing a suppressed
nonradiative recombination process. However, due to the alloyed
structure rather than the core/shell structure, the surface defects
could not be completely eliminated, which led to the fact that
contribution of τ2 related to surface states is not reduced effec-
tively and the PL decay curve of CIZS is only modified to some
extent but still remains triple-exponential. After ZnS coating, the
fast decay components τ1 and τ2 were highly suppressed and
simultaneously the average lifetime was extended to 274.1 ns. In
addition, the decay profile appeared to be almost uniformly single-
exponential, indicating the complete elimination of surface defects
and a single highly emissive recombination channel across the
entire NC ensemble, which could be correlated to the dramatic
improvement in PLQY and stability (Fig. S4).

4. Conclusion

In summary, we reported the synthesis of Cu–In–Zn–S alloyed
nanocrystals through a facile solution method. By adjusting diffu-
sion temperature, the CIZS NCs exhibited broad PL spectra with
tunable emission colors from visible to NIR regions. The resulting
NCs were nearly spherical and had narrow size distribution. After
the deposition of ZnS shell, the PLQY increased substantially with
a maximum value of 76%. The single exponential PL decay with an
increased average lifetime suggested a suppressed nonradiative
recombination process related to structural defects. Therefore, the
obtained NCs exhibit promising applications in cell imaging, LEDs
and solid-state lighting.
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