Available online at www.sciencedirect.com
-y

“e.* ScienceDirect

Trans. Nonferrous Met. Soc. China 28(2018) 1611-1617

Transactions of
Nonferrous Metals
Society of China

Ao S8lles Science
ELSEVIER Press

www.tnmsc.cn

Tunable emission of cadmium-free transition metal
(Cu, Mn, Ag) co-doped ZnInS/ZnS core-shell quantum dots

Qiu-hang CHEN, Shi-liang MEI, Wu YANG, Wan-lu ZHANG, Gui-lin ZHANG, Jia-tao ZHU, Rui-qian GUO

Institute for Electric Light Sources, Engineering Research Center of Advanced Lighting Technology, Ministry of
Education, Fudan University, Shanghai 200433, China

Received 16 April 2017; accepted 18 September 2017

Abstract: Color tunable quantum dots (QDs) based on the Cu, Mn, Ag co-doped ZnInS core and ZnS outer-shell were synthesized
by using an eco-friendly method. Core-shell doped QDs with the average size of 3.85 nm were obtained by using a one-pot synthesis
followed by a hot injection with n-dodecanethiol (DDT) and oleylamine (OLA) as stabilizers in oil phase. Cu, Mn and Ag ions were
introduced as single-dopant or co-dopants during the synthesis, providing an effective means to control the emission color of the QDs.
The as-synthesized QDs showed photoluminescence emission ranging from green (530 nm) to near-red (613 nm), adjusted by doping
components, dopant concentration, and Zn/In ratio. Importantly, quasi-white emission has been achieved by controlling the
concentration of co-doped metal ions (Mn, Cu and Ag). The primary results demonstrated the promising potential of co-doped QDs

as alternative materials for future high quality white LED applications.
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1 Introduction

Semiconductor nanocrystals (quantum dots, QDs)
have attracted much attention in display and lighting
fields, for their unique optical characteristics such as the
size-tunable optical properties and narrow emission
spectrum [1—4]. Though CdSe [5], CdTe [6] and PbS [7]
QDs have been extensively investigated, the toxicity of
heavy metals, such as Cd and Pb, in the QDs limits their
applications. Among various inorganic QDs, zinc
chalcogenide-based QDs have been a class of the main
components for lighting materials [8,9]. Zinc
chalcogenides have the advantages of wide bandgap, low
toxicity (cadmium-free), and easy synthesis with
availability of metal-ion doping [10,11]. For example,
Mn-doped ZnS and Mn, Cu-doped ZnSe for tunable or
white light emission [12].

[I-III-VI ternary QDs with tunable host bandgaps,
such as Zn—In—S QDs, are considered low-toxicity
alternatives for applications as color-tunable emitters.
Different from [I-VI QDs, the bandgap of ternary host
QD materials depends not only on the composition, but
also the size of the intrinsic QDs. Recently, studies on

introducing doping metal-ions into Zn—In—S QDs system
have achieved much success [13—20]. For example,
PRADHAN [21] reported Mn-doped Zn—Cu—In—S and
Zn—Ag—In—S QDs with doped emission. The effect of
the dopant positions inside core-shell QDs or host
compositions on the optical properties of doped
core-shell ternary QDs has been explained [22,23].
However, the interaction of multi-doped metal-ions still
lacks answers.

In this study, we used ZnInS/ZnS core-shell QDs as
model systems to investigate the optical properties of
(Cu, Mn, Ag) single-doped or co-doped QDs and the
interaction of doping metal-ions. We show a facile
synthesis of QDs with ZnInS core, doped with Mn (Cu,
Ag), and ZnS shell, and an easy control of their emission
wavelength by adjusting dopant composition and
concentration of doping ions.

2 Experimental

2.1 Materials

Zinc acetate (Zn(AcO),, 99.0%), indium sulfate
(Iny(SOy4);3, 99.7%), copper chloride (CuCly, 99.7%),
silver nitrate (AgNO;, 99.9%), manganese acetate
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(Mn(AcO),, 95.0%), n-dodecanethiol (DDT, 98%), oleic
acid (OA, 98%), sulfur powder (S, 99.5%), oleylamine
(OLA, 80%—90%) and l-octadecene (ODE, 90%) were
purchased from Aladdin. All chemicals were used
without further purification.

2.2 Preparation of single-doped and co-doped ZnInS/
ZnS core-shell QDs

In a typical reaction (e.g., Mn, Ag co-doped
ZnInS/ZnS core-shell QDs), 1.6 mmol of sulfur powder,
0.05 mmol of CuCl,, 0.05 mmol of AgNO;, 0.05 mmol
of Mn(AcO),, 0.5 mmol of Zn(AcO),, 0.25 mmol of
Iny(SO4)3, 4 mL of DDT and 6 mL of OLA were loaded
in 50 mL three-neck flask and degassed twice for 10 min.
The mixture was heated to 90 °C and then it was
degassed again for 10 min. The mixture was heated to
200 °C with stirring. Growth was continued at 200 °C for
1 h. The ZnS shell formation steps were conducted
without intermediate purification. To do this, 1 mL of Zn
precursor solution was injected rapidly, and the injection
was repeated three times with an interval of 15 min. The
solution was cooled down to room temperature.

To obtain the single-doped and co-doped ZnInS
QDs, the amount of the dopant precursors was varied
while the gross amount of the Zn and In precursors and
all other variables remained constant. The concentration
of the dopants (X) is represented by the nominal
X/(Zn+In) precursor molar ratio.

2.3 Characterization
The resulting QDs were purified by first dissolving
in hexane/methanol and precipitating out with acetone,

centrifuging, and then re-dispersing in hexane. Purified
QDs were dispersed in hexane for UV—Vis absorption
spectroscopy  (UV—Vis), photoluminescence (PL)
spectroscopy, and transmission electron microscopy
(TEM) measurements. The absorption and fluorescence
spectra were recorded at room temperature on a
Shimadzu UV-3600 ultraviolet spectrophotometer and a
Shimadzu RF—5301PC fluorescence spectrophotometer,
respectively. TEM and high-resolution TEM (HRTEM)
images were obtained on JEM—2100F HRTEM. The PL
quantum yield (QY) was calculated by using the relative
quantum efficiency of the QDs compared with the
reference of Rhodamine 6G (QY=95% in ethanol), using
the following equation [24]:

2
Q=Qstdxixﬂx[i] M

I std 4 Ngg

where Q and Qg represent the PL QY and the standard
(Rhodamine 6G) for these QDs, respectively; / and gy
are the measured integrated PL emission intensity at a
specified wavelength, respectively; 4 and Ayy are the
absorbance intensities and the standard of the QDs at the
same wavelength for excitation, respectively; n and ngq
are the refractive indices and the standard of the QDs of
the solvents, respectively.

3 Results and discussion
3.1 Cu-doped ZnInS/ZnS core-shell QDs

Figure 1 shows the typical TEM and HRTEM
images of Cu-doped ZnInS/ZnS (Cu:ZnInS/ZnS) QDs.

3.85+0.65 nm

30 35 40 45 50 55
Size/nm

Fig. 1 HRTEM images of Cu:ZnInS/ZnS QDs with Cu concentration of 5% (a), TEM images of Cu:ZnInS/ZnS QDs (b, c¢) and size

distribution of Cu:ZnInS/ZnS QDs (d)
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The as-prepared QDs appear to be nearly spherical in
shape and fairly monodisperse. The average size of
Cu:ZnInS/ZnS is about 3.85 nm. The visible lattice
fringe indicates that the Cu:ZnInS/ZnS QDs are highly
crystalline and the observed lattice spacing is calculated
to be 0.32 nm, which matches well to the (1 1 1) plane of
ZnS, as shown in Fig. 1(a). The fringe of the QDs is
fuzzy, indicating that these QDs are well passivated and
protected by OLA.

The PL and UV—Vis spectra of Cu:ZnInS/ZnS QDs
synthesized with different Zn/In mole ratios are shown in
Fig. 2. The sharp absorption peak of Cu:ZnInS QDs was
not observed for the samples with Zn/In mole ratios of
3:1 and 1:1, in contrast to the good resolution of
absorption spectra in pure binary QDs. The sample with
Zn/In mole ratio of 1:3 shows a sharp absorption peak at
365 nm. With the decrease of Zn/In mole ratio, the
UV-Vis spectra present an obvious red shift. The PL
spectrum of the as-prepared QDs with Zn/In mole ratio
of 1:1 shows the maximum in PL intensity and a broad
emission peak at about 550 nm. The big gap between the
absorption spectrum and photoluminescence peak
demonstrates that emission derives from the Cu-doped
emission instead of the intrinsic band gap emission.
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Fig. 2 UV—Vis absorption spectra (a) and PL spectra (b) of

Cu:ZnInS/ZnS QDs with Cu concentration of 5% and different

Zn/In mole ratios

It has been proved that surface passivation of QDs
using suitable inorganic materials with a higher band gap
is key to improving the PL efficiency and stability of
QDs [25]. Similar attempts for surface passivation of
Cu:ZnInS QDs have appeared [26—28], and as expected,
good optical properties were obtained. To improve
surface passivation, ZnS comprises a near-ideal
candidate for construction of core-shell structure around
the Cu:ZnInS core, for ZnS exhibits relatively chemical
stable and nontoxic characteristics under ambient
conditions. The Cu:ZnInS/ZnS core-shell structure was
constructed in situ from the Cu:ZnInS QDs. Due to the
large excess of sulfur precursor used in the preparation of
Cu:ZnInS core QDs, no further sulfur source was added
in the process of depositing the ZnS shell. To avoid
formation of separate ZnS nanoparticles, Zn precursor
was added in batches. Figure 3 shows the PL and
UV-Vis spectra of Cu:ZnInS/ZnS QDs with different
ZnS shell growth time.

As shown in Figs. 3(b) and (c), the PL peak position
blue shifts systematically from the original 554 to 532
nm. The small blue-shift of the PL peak position in the
ZnS overcoating process indicates further incorporation
of the zinc component into the core material, resulting in
an increase of the band gap energy. That is, the blue-shift
of PL spectra may be attributed to minor cation exchange
between Zn and Cu/In and ZnS shell formation through
Zn accumulation on the surface of core QDs following
cation exchange [17,18]. It can be seen from Fig. 3(a)
that the absorption shoulders of all QD samples are
located at similar wavelengths and also present a small
blue shift, revealing that the formation of ZnS shell and
the cation exchange between Zn and Cu or In.

3.2 Cu, Mn co-doped ZnInS/ZnS core-shell QDs

On the basis of the single-doped Cu:ZnInS/ZnS
QDs, we successfully synthesized the Cu,Mn dual-doped
ZnInS/ZnS  (Cu,Mn:ZnInS/ZnS)  core-shell  QDs.
According to the previous reports, the PL features of
doped-dots have a heavy dependence on the dopant
concentration. Figure 4 shows the PL spectra of Cu,
Mn:ZnInS/ZnS QDs with different Mn concentrations at
constant Cu concentration of 5%. The as-synthesized
QDs show the tunable emission color from green to
orange under ultraviolet excitation. The emission has
lower energy than the bandgap of bulk ZnInS. The PL
spectra show drastic change in emission bands with the
variation of the dopant concentration. With the Mn
concentration increasing from 0% to 20%, the original
single Cu-doped emission transforms into the tunable
dual emission as shown in Fig. 4(a). In order to study
this dual emission, peak-differentation-imitating is done
for the PL spectra, and the results are shown in Fig. 4(b).
The two emission peak positions keep unchanging by
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Fig. 3 UV-Vis absorption spectra (a), PL spectra (b) of
Cu:ZnInS/ZnS QDs with Cu concentration of 5% under
different ZnS shell growth time and dependence of PL intensity
and PL peak position on shell growth time (c)

varying the Mn concentrion; however, the relative peak
intensity can be tuned with the variation of Mn dopant
amount. It is obvious that the two emission peak
positions centered at 530 and 585 nm are attributed to the
doped-Cu ions and Mn ions, respectively. The emission
at 530 nm originates from the energy transition from the
conduction band of ZnInS to T, state of Cu, whereas the
emission at 585 nm is ascribed to the energy transition
from an excited state “T, to the ground state °A, of Mn.
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Fig. 4 PL spectra of Cu, Mn:ZnInS/ZnS core-shell QDs with
Mn concentrations of 0%, 5%, 10%, 15% and 20% at constant
Cu-doping (5%) (a) and peak-differentation-imitating PL
spectra (b) with Mn concentration of 5%

Owing to the efficient emission from the dopant
luminescence centers, the PL QY of the as-synthesized
doped-QDs is relatively high. The PL QY of
Cu:ZnInS/ZnS and Cu, Mn:ZnInS/ZnS QDs can
respectively reach 49.8% and 30.4%, according to our
previous report [24]. In this way, it becomes possible to
controll the emission by varying the concentration of the
co-doped metal ions. CIE chromaticity coordinate can be
calculated from these emission curves by a GoCIE
software. Figure 5 shows the CIE color coordinates of
the CuMn:ZnInS/ZnS QDs with different Mn
concentrtions of 5%, 10%, 0%, 15% and 20%, and the
corresponding CIE coordinates are (0.33, 0.53), (0.35,
0.58), (0.40, 0.55), (0.40, 0.50) and (0.50, 0.46),
respectively.

3.3 Ag, Mn co-doped ZnInS/ZnS core-shell QDs

The mechanism of Ag-related emission is similar to
that of Cu-related emission. Interestingly, the situation is
totally different when it comes to Ag, Mn co-doped
ZnInS/ZnS  (Ag,Mn:ZnInS/ZnS)  core-shell  QDs.
The same method was also used to synthesize Ag, Mn:
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Fig. 5 CIE color coordinates of Cu, Mn:ZnInS/ZnS QDs with
Mn concentrtions of 5% (a), 10% (b), 0% (c), 15% (d) and 20%
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digital photograph under UV-light irradiation)

ZnInS/ZnS core-shell QDs, whose PL spectra under
different reaction time and Mn/Ag mole ratios are shown
in Fig. 6. Instead of showing a dual emission, the PL
spectra of Ag, Mn:ZnInS/ZnS QDs in Fig. 6(a) show
only a broad peak centered at about 613 nm, which is
red-shifted compared with the typical Mn-doped
emission peak at 585 nm. It is well-known that the PL of
Mn-doped QDs is due to the spin relaxation between its
*T, and A, states.When excited, the generated exciton in
the host transfers its energy to Mn states, which inverts
the spins of Mn d’ electrons. As this is reversed to the
ground state, the emission is observed. This red-shift of
the emission from 585 to 613 nm is attributed to the
interaction of neighboring elements or surface ligands,
which affects the Mn ligand-field splitting, thereby
decreasing the energy between the Mn d—d states. As
shown in Fig. 6(b), the red-shift along with the
broadened PL emission from orange to near-red occurs
with the incease of the Mn/Ag mole ratio. That is, the PL
intensity, peak position and the peak width can be tuned
by the variation of the Mn/Ag mole ratio, which can
make an important contribution to the white emission.

3.4 Cu, Mn, Ag co-doped ZnInS/ZnS core-shell QDs
Based on the dual-doped QDs, we also synthesized
the Cu, Mn, Ag co-doped ZnInS/ZnS (Cu, Mn,
Ag:ZnInS/ZnS) core-shell QDs. Figure 7 shows the PL
spectra of the as-synthesized QDs under different
reaction time. It can be concluded that at the initial stage
of QDs growth, the intrinsic emission at 450 nm is
dominant. With the increasing reaction time, Mn-doped
emission at 585 nm firstly occurs, indicating the easier
diffusion of Mn ions into cores than Cu ions, and then
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Fig. 6 PL spectra (a) of Ag, Mn:ZnInS/ZnS core-shell QDs
with both Ag and Mn concentrations of 5% under different
reaction time and PL spectra (b) of Ag, Mn:ZnInS/ZnS
core-shell QDs with different Mn/Ag mole ratios at constant
Ag-doping (5%)
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Fig. 7 PL spectra of Ag, Cu, Mn:ZnInS/ZnS QDs with all Ag,
Cu and Mn concentrations of 5% under different reaction time

Cu-doped emission at 530 nm occurs and becomes the
dominant peak with the further increasing reaction
time [24]. It can be expected that the broad emission with
three peaks from the Cu, Mn, Ag:ZnInS/ZnS core-shell
QDs could make the multi-doped QDs as alternative
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materials for white LED applications.

CIE chromaticity coordinate was calculated from
the emission curves of all the above doped QD samples
by a GoCIE software. Figure 8 shows CIE color
coordinates of all the as-prepared doped QDs and the
corresponding photographs under a UV lamp. The CIE
color coordinates of Cu,Mn:ZnInS/ZnS QDs with
different Mn concentrations are located in zone (a), and
those of Ag,Mn:ZnInS/ZnS QDs with different Ag/Mn
mole ratios are located in zone (b). It can be seen that the
tunable emission from green to near-red can be facilely
tuned by the variation of the dopant components and
concentration. And the quasi-white emission can also be
realized from the multi-doped Cu,Mn,Ag:ZnInS/ZnS
QDs, whose CIE coordinate is at point (c), and the
corresponding coordinate is (0.26, 0.36).
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Fig. 8 CIE color coordinates of all as-prepared doped QDs
(Inset is the corresponding digital photograph under UV-light
irradiation): (a) Cu, Mn:ZnInS/ZnS QDs with different Mn
concentrations at constant Cu-doping (5%); (b) Ag, Mn:ZnInS/
ZnS QDs with different Ag/Mn mole ratios at constant
Ag-doping (5%); (c) Multi-doped Cu, Mn, Ag:ZnInS/ZnS QDs
with all Ag, Cu and Mn concentrations of 5%
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4 Conclusions

Single-doped, dual-doped and multi-doped ZnInS/
ZnS core-shell QDs with the average size of 3.85 nm
were successfully synthesized by an optimized one-pot
method followed by a hot injection. The as-prepared
doped QDs exhibit tunable emission from green to
near-red under a single excitation wavelength, which is
attributed to the tunable luminescence centers by the
variation of the dopant components and concentration.
Importantly, quasi-white emission can be achieved from
the Cu, Mn, Ag multi-doped ZnInS/ZnS QDs. The
primary results demonstrate the promising potential of
the doped QDs as alternative materials for white LED

applications, and the performance could be further
improved by optimizing the synthesis.
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BT RIS AR By, SEIE TSR ROt WIS AT R B AR UL RTIRYE Zo/In fO LK
B, B R T S R 6T LEESRE(530 nm)BELT6(613 nm)TE R N HEAT R, 38 3 FidiE 48 (Cu. Mn M1
Ag)FiBlk, MIUBRBAFHANKFMET H. SRR, XS RET SrEARRS G E % LED MM
A R AT R R A

KHEIR: Zn RET S MRS B TR Aok
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