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Fabrication and temperature-dependent photoluminescence
spectra of Zn–Cu–In–S quaternary nanocrystals∗
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A series of Zn–Cu–In–S nanocrystals (ZCIS NCs) are prepared and the optical properties of the ZCIS NCs are tuned
by adjusting the reaction time. It is interesting to observe that the temperature-dependent photoluminescence (PL) spectra of
the ZCIS NCs show a redshift with decreasing intensity at low temperature (50–280 K) and a blueshift at high temperature
(318–403 K). The blueshift can be explained by the thermally active phonon-assisted tunneling from the excited states of
the low-energy emission band to the excited states of the high-energy emission band.
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1. Introduction
Although II–VI and IV–VI group cadmium or lead-based

colloidal semiconductor nanocrystals have proven to possess
great potential, such as in light emitters, solar cells, and mem-
ory devices,[1–4] the intrinsic toxicity of cadmium and lead
makes the future applicability of these NCs doubtful.[5–9] In
order to find a replacement of these toxic colloidal NCs, which
may seriously affect our living environment, groups I–III–VI
colloidal NCs, with particular emphasis on CuInS2, have at-
tracted a great deal of attention and investigation.[10,11] In ad-
dition, CuInS2 NCs have unique optical properties, which can
be controlled through the change of the NC particle size. How-
ever, the stability and the emission efficiency of the unmodi-
fied CuInS2 NCs are always low. The typical method to im-
prove their photoluminescence quantum yield (PLQY) is Zn
doping.[12–14] For example, the emission intensity of Zn–Cu–
In–S (ZCIS) NCs was higher than that of CuInS2 NCs, which
was reported by Nakamura and co-workers.[15] The PLQY of
CZIS NCs synthesized by Xiang et al. was up to 70%.[13]

Zhang et al.[16] fabricated a simple lighting device by us-
ing the commercial blue light emitting diode (LED) coated
with a CZIS NCs film, the emission wavelength of the device
was 580 nm. As a result, the color of the LED was trans-
formed from a cool blue light into a warm yellow light as the
LED’s emission passed through the NCs film. Later, Zhang
et al.[17] reported a direct white electroluminescence device,
which was obtained in the LEDs by mixing the red emission
of ZnCuInS/ZnS core/shell quantum dots (QDs) and the blue-
green emission of poly (N, N’-bis (4-butylphenyl)-N, N’-bis
(phenyl) benzidine). To better apply the ZCIS NCs to the light

emitting devices, it is necessary to investigate the internal lu-
minescence mechanism of the ZCIS NCs. The temperature-
dependent PL spectroscopy has been used to study the radia-
tive and the non-radiative relaxation processes as well as the
exciton–phonon coupling in colloidal QDs.[18] Therefore, in-
vestigating the temperature-dependent optical properties from
low to high of luminescent materials for some devices, espe-
cially the light emitting devices, has vital significance.[19–23]

However, at present the research of ZCIS NCs luminescence
mechanism, especially from low to high temperature, is quite
rare.

In this paper, the tunable optical properties, the flu-
orescence decay lifetime at room temperature, and the
temperature-dependent PL spectra of ZCIS NCs are respec-
tively investigated. Finally, by combining the ZCIS NCs and
an InGaN blue (450 nm) LED, we present a white light emit-
ting device (WLED), and the CIE coordinates are (0.3316,
0.269).

2. Experimental details

2.1. Chemicals

Copper acetate (Cu(OAc)2, 99.99%), indium acetate
(In(OAc)3, 99.99%), zinc acetate (Zn(OAc)2, 99.99%), 1-
octadecene (ODE, 90%), sulfur powder (99.5%), dode-
canethiol (DDT, 98.0%), stearic acid (SA, 99.0%), and octade-
cylamine (OAm, 98.0%) were purchased from Aldrich. All
chemicals were used without further purification.
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2.2. Precursor solution preparation

Cu(OAc)2/SA/ODE solution: 0.18163 g (1.0 mmol) of
Cu(OAc)2, 0.5690 g (2.0 mmol) of SA, and 4.5 mL of ODE
were loaded in a three-neck flask clamped in a heating man-
tle. The mixture was heated to 433 K under an argon flow and
remained at this temperature for about 10 min until the for-
mation of a clear deep green solution. The obtained Cu stock
solution was stored at 323 K for the following use.

In(OAc)3/SA/ODE: 0.2920 g (1.0 mmol) of In(OAc)3,
1.1380 g (4.0 mmol) of SA, and 4.0 mL of ODE were loaded
in a three-neck flask clamped in a heating mantle. The mix-
ture was heated to 473 K under an argon flow and remained at
this temperature for about 10 min until the formation of a clear
colorless solution. The obtained In stock solution was stored
at 323 K for the following use.

Zn(OAc)2/OAm/ODE: 0.5505 g (3.0 mmol) of
Zn(OAc)2, 1.940 g of OAm, and 5.5 mL of ODE were loaded
in a three-neck flask clamped in a heating mantle. The mix-
ture was heated to 433 K under an argon flow and remained at
this temperature for about 10 min until the formation of a clear
colorless solution. The obtained Zn stock solution was stored
at 323 K for the following use.

S/ODE: 0.0513 g (1.6 mmol) of sulfur dissolved in
4.0 mL of ODE at 393 K, the obtained S stock solution was
stored at 323 K for the following use.

2.3. Synthesis of ZCIS NCs

In a typical procedure, the above Cu, In, Zn precursor so-
lutions and 1.0 ml DDT, 3.0 ml ODE were loaded into a 50 mL
three-neck flask clamped in a heating mantle. The mixture was
heated to 503 K under an argon flow, then the above S precur-
sor solution was injected into the reaction system and kept at
this temperature to allow the growth of ZCIS NCs. Aliquots of
the sample were taken at different time intervals and injected
into cold toluene to terminate the growth of NCs immediately
for recording their optical spectra. The obtained ZCIS NCs
were precipitated by adding methanol into the toluene solu-
tion and purified by repeated centrifugation and decantation.

2.4. Characterization

The phase structure of the sample was investigated by
using a Rigaku D/max 2500v/pc X-ray diffractometer with a
Cu Kα source. The morphology and the size of the sample
were characterized by a JEM-2100F transmission electron mi-
croscope equipped with a field-emission gun. The absorption
spectra were obtained on a Hitachi UV-4100 type ultraviolet–
visible–near infrared fluorescence spectrophotometer. The
sample was measured under a deuterium light source. The
photoluminescence spectra (excitation and emission spectra)

were measured by a Jobin Yvon FluoroLog-3 fluorescence
spectrometer, and the excitation light sources were a 450-W
xenon lamp and a flicker frequency 0.05–25 Hz flashing xenon
lamp. The time-correlated single-photon counting (TCSPC)
measurements were performed on a Jobin Yvon FluoroLog-
3-221-TCSPC fluorescence spectrometer equipped with an
EPL456 laser diode.

3. Results and discussion
3.1. Apply the prepared ZCIS NCs for WLED

Figures 1(a) and 1(b) show the transmission electron mi-
croscope (TEM) images of the ZCIS NCs prepared with dif-
ferent reaction times. The sizes of the NCs prepared in 30 min
and 120 min are about 4.5± 0.5 nm and 7.0± 0.5 nm, respec-
tively, showing that the sizes of the as-synthesized ZCIS NCs
increase with the elevated reaction time. The lattice fringes
are clearly observed in the high resolution TEM (HRTEM)
images (inset of Fig. 1(a)). The energy dispersive X-ray
spectroscopy (EDS) spectrum of the ZCIS NCs prepared in
120 min (Fig. 1(c)) shows that the as-prepared NCs have a
quaternary composition, containing Zn, Cu, In, and S. It is
identified that the Zn composition of these NCs is 7.29%. Fig-
ure 1(d) shows the XRD patterns of the ZCIS NCs. As seen
from the figure, the three characteristic peaks are located be-
tween the distinct diffraction peaks of CuInS2 (JCPDS 47-
1372) and ZnS (JCPDS 65-0309), which indicates the forma-
tion of ZCIS quaternary NCs.[13,16] In addition, the full width
at half-maximum (FWHM) is observed to decrease with the
increasing reaction time, suggesting that the sizes of the NCs
increase, which is in line with the analyses of TEM.

Figure 2(a) shows the absorption spectra and the PL emis-
sion spectra at room temperature of the ZCIS NCs prepared
with a different reaction time excited at 467 nm, and the cor-
responding emission wavelengths are 621 nm, 646 nm, and
657 nm, respectively, with the increase of the reaction time.
Both absorption spectra and emission spectra show obviously
a redshift with the increasing reaction time, which can be at-
tributed to the quantum confined effect. The energy band gap
for the ZCIS NCs is given by the quantum confinement theory
as[24,25]

E(R) = Eg +
h̄2π2

2µR2 −
1.786e2

εR
−0.248

µe4

2ε2h̄2 , (1)

where Eg is the band gap energy of the bulk CuInS2, h̄ is the
reduced Planck constant, µ = (1/m∗e +1/m∗h)

−1 is the reduced
mass of the ZCIS NCs, m∗e is the effective mass of an electron,
m∗h is the effective mass of a hole, R is the diameter of the
nanocrystal, e is the electron charge, and ε is the relative di-
electric constant. By using the values of Eg = 1.53 eV (for
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bulk CuInS2), m∗e = 0.16m0, m∗h = 1.30m0,[26] E(R) is calcu-
lated based on the absorption spectra at room temperature, the
sizes of the ZCIS NCs (R) are calculated as 2.92 nm, 3.75 nm,
and 5.13 nm, respectively, which is broadly consistent with the
TEM results mentioned above. Therefore, the redshift can be
attributed to the quantum confined effect. Figure 2(b) shows
the photograph of the samples dispersion in chloroform with
a different reaction time taken under the illumination of nat-
ural room light. Figure 2(c) shows the photograph of ZCIS

NCs samples taken under the illumination of a 450 nm blue

LED, and the ZCIS NCs show emission colors ranging from

yellow to red under different reaction times. The emission

with different wavelength benefits for applications.[13,27–29] A

blue LED after being coated with typical ZCIS NCs prepared

at the reaction time of 10 min produces white light, as shown

in Figs. 2(d) and 2(e). The CIE chromaticity coordinates are

shown in Fig. 2(f).

(a)

20 nm 20 nm

5 nm

(b)

(c)

0 2 4 6 8 10 12 14
Full scale: 1559cts Cursor: 0.00 KeV 30 40 50 60 70

2θ/(Ο)

CuInS2

30 min
60 min
120 min

ZnS

In
te

n
si

ty

(d)

Fig. 1. (color online) TEM images and the corresponding HRTEM images (inset) of ZCIS NCs prepared with the reaction time of (a)
30 min and (b) 120 min. (c) Energy dispersive X-ray spectroscopy spectrum of ZCIS NCs prepared with the reaction time of 120 min.
(d) XRD patterns of ZCIS NCs prepared with different reaction times.
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Fig. 2. (color online) (a) Temporal evolution of UV–Vis absorption and PL emission spectra (λex = 467 nm) of ZCIS NCs samples
in chloroform solution. (b) Digital photograph of the samples dispersion in chloroform with different reaction times taken under
the illumination of natural room light (from left to right: 5 min, 10 min, 20 min, 30 min, 60 min, 90 min, and 120 min). (c) The
corresponding photograph of ZCIS NCs samples under the illumination of a 450 nm blue LED. (d) Photograph of an exemplary blue
LED after being coated by ZCIS NCs on the surface. (e) The produced white light. (f) CIE chromaticity diagram of ZCIS NCs under
the blue light irradiation calculated from the emission spectra.
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3.2. PL decay time of ZCIS NCs

To explore the possible luminescence mechanisms in-
volved, the PL decay time of the ZCIS NCs prepared with
different reaction times excited by a 456 nm wavelength laser
was measured. The PL decays of the ZCIS NCs with reac-
tion times of 20 min, 30 min, and 60 min were detected at the
corresponding wavelengths of 596 nm, 621 nm, and 646 nm,
respectively, as shown in Fig. 3. The PL decay curves of
the ZCIS NCs can be fitted well by a triple-exponential func-
tion I(t) = A1 exp(−t/τ1) + A2 exp(−t/τ2) + A3 exp(−t/τ3),
where τ1, τ2, τ3 represent the decay time of the PL emission
and A1, A2, A3 represent the relative weights of the decay com-
ponents. The average lifetime τav is calculated according to
τav = ∑Aiτ

2
i /∑Aiτi.[13] The fitting results are shown in Ta-

ble 1. The decay time increases with prolonging the reaction
time from 20 min to 60 min. As we all known, increasing the
reaction time appropriately can provide sufficient time for in-

ternal atom assembly and crystalline structure formation, and
ultimately minimize the surface defects, thus reducing the fast
decay component and increasing the decay time of the ZCIS
NCs.
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Fig. 3. (color online) PL lifetime decays of ZCIS NCs with different
reaction times.

Table 1. Fitting parameters deriving from I(t) = A1 exp(−t/τ1)+A2 exp(−t/τ2)+A3 exp(−t/τ3).

Reaction time τ1/ns A1/% τ2/ns A2/% τ3/ns A3/% Lifetime/ns
20 min 21.88 25.93 104.7 68.52 5.38 5.55 98.27
30 min 28.55 20.48 122.98 76.27 7.83 3.26 110.40
60 min 730.83 16.24 140.21 81.24 8.05 2.51 135.39

3.3. Temperature dependent photoluminescence of ZCIS
NCs

Figure 4(a) shows the temperature-dependent photolumi-
nescence spectra of the ZCIS NCs with the longest lifetime
(reaction time 60 min) excited at 395 nm. There have been sev-
eral reports on the abnormal temperature dependences of lumi-
nescence peak position in some semiconductor quantum dots
and wells. One of these phenomena is the red-blueshift of the
peak energy with increasing temperature.[30–33] In our case,
the spectra show redshift at low temperatures from 100 K to
280 K and blueshift at high temperatures from 280 K to 403 K.
As can be seen in Fig. 4(b), the peak energy decreases with
the increasing temperature at low temperatures, which reveals
that NCs PL spectra are strongly dependent on the tempera-
ture. The data could be well fitted using the traditional equa-
tion introduced by Varshni for the temperature dependence of
the band gap[34]

Eg(T ) = Eg(0)−
∂T 2

β +T
, (2)

where Eg(0) represents the band gap of the ZCIS NCs at 0 K,
and ∂ and β are constants. The fitting value of Eg(0) at low
temperatures is 2.669 eV, much larger than the band gap of
the material at room temperature, 1.83 eV, calculated based on
the absorption spectrum at room temperature (see Fig. 4(e)),
which is due to the quantum size effect of nanoparticles. The

redshift of the band gap may be attributed to the following
two factors: (i) the thermal expansion causes a dilation of the
lattice with increasing temperature, which results in a change
in the band gap energy of the ZCIS NCs; (ii) the major con-
tribution arises from a shift in the relative positions of the
conduction and the valence bands due to a temperature de-
pendent electron–phonon interaction.[34,35] This is similar to
binary semiconductor NCs; the lattice deformation potential
and the exciton–phonon coupling cause a band gap shrinkage,
which induces the PL spectral peak redshift with increasing
temperature.[36,37] However, the PL spectra of the ZCIS NCs
show a blueshift at high temperatures from 280 K to 403 K,
which is different from that at low temperatures, as shown in
the inset of Fig. 4(b). So the high temperature blueshift cannot
be described by Eq. (2). In order to explain the phenomenon,
thermally active phonon-assisted tunneling from the excited
states of the low-energy emission band to the excited states of
the high-energy emission band is introduced in the configura-
tion coordinate diagram. As shown in Fig. 4(c), the thermal
back-transfer over the barrier E2 is possible, and consequently
the higher energy emission (EM1) is dominant at the higher
temperature. On the other hand, the barrier E1 can be over-
come and the low-energy emission (EM2) is dominant at the
low temperature. Therefore, the blueshift behavior of the ZCIS
NCs is observed with increasing temperature.[19]

As shown in Fig. 4(d), the PL intensity of the ZCIS NCs
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decreases significantly when the temperature increases, the
excited electrons interact with phonons, and then thermally
release through the crossing point between the excited state
and the ground state in the configurational coordinate dia-
gram. This nonraditive transition probability by thermal ac-
tivation is strongly dependent on the temperature, resulting in
the decrease of the emission intensity. However, the attenua-
tion trends are not consistent at different temperature ranges.
The PL intensity of the ZCIS NCs decreases slowly at low
temperatures, while it decreases rapidly at high temperatures.
The temperature-dependent intensity can be described by the
equation[22,38]

I(T ) =
I(0)

1+Aexp(−∆E/kT )
, (3)

where T is a thermodynamic temperature, A is a constant, I(0)

is the emission intensity at 0 K, k is the Boltzmann constant,
and ∆E is the activation energy of the thermal quenching pro-
cess. The red solid line in Fig. 4(d) is the theoretical fit to
the experimental data of low temperature according to Eq. (3)
and the fitting results are summarized in Table 2. The activa-
tion energy ∆E is 115 meV. In addition, the blue solid line in
Fig. 4(d) is the fitting curve at high temperature and the fitting
results are summarized in Table 3. The activation energy ∆E is
291 meV. The temperature quenching mechanism of the ZCIS
NCs can also be explained by the configuration coordinate as
shown in Fig. 4(c), where ∆E1 represents the activation energy
of excited state 1, and ∆E2 indicates the activation energy of
excited state 2. In this case, the activation energy at high tem-
perature is higher than that at low temperature. This probably
comes from the surface-related radiative recombination.
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Fig. 4. (color online) (a) Temperature-dependent PL spectra of ZCIS NCs excitated at 395 nm from 100 K to 403 K. (b) PL spectral
peak energy for ZCIS NCs as a function of temperature, the solid line depicts the best fit of the data in the range of 100–280 K
according to Eq. (2), the inset shows the peak energy at high temperature. (c) Configuration coordinate diagram of the ground state 0
and two excited states 1 and 2, showing the energy barrier E1 for the corresponding transition 1→2 and the energy barrier E2 for the
corresponding transition 2→1. (d) Temperature-dependent PL intensities of ZCIS NCs excited at 395 nm from 100 K to 403 K, the
red solid line (left) and the blue solid line (right) are the fitted curves according to Eq. (3). (e) Band gap of ZCIS NCs calculated based
on the absorption spectrum at room temperature.

Table 2. Activation energy ∆E of ZCIS NCs at low temperature.

Excitation
I(0) A ∆E/eV Error range of ∆E

wavelength/nm
395 879552 321 0.115 ±0.001

Table 3. Activation energy ∆E of ZCIS NCs at high temperature.

Excitation
I(0) A ∆E/eV Error range of ∆E

wavelength/nm
395 376718 104168 0.292 ±0.001

4. Conclusion
In summary, a series of ZCIS NCs have been prepared

and their optical properties are tuned by simply adjusting the
reaction time. Our ZCIS NCs can also be used as white LEDs
excitied by blue LEDs. In addition, we find the ZCIS NCs
fluorescence decay lifetime extended with the increase of the
reaction time in the range of 20 min to 60 min. Increasing
the reaction time appropriately can provide sufficient time for
internal atom assembly and crystalline structure formation.
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Moreover, the temperature-dependent PL spectra of the cor-
responding long decay lifetime material (60 min) show a red-
shift with increasing temperature from 100 K to 280 K. It can
be explained by a dilation of the lattice and a shift in the rela-
tive positions of the conduction and the valence bands due to
the temperature dependent electron–phonon interaction. The
spectra show a blueshift in the range of 280–403 K, which can
be explained by back tunneling from the excited states of the
low-energy emission band to the excited states of the high-
energy emission band with the assistance of thermally active
phonons. The spectral intensities of the ZCIS NCs have a tem-
perature quenching effect, and the activation energy ∆E1 of ex-
cited state 1 is lower than the activation energy ∆E2 of excited
state 2. This is probably due to the surface-related radiative
recombination.
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