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Experiment

Chemicals

Cadmium oxide (99.99%), selenium (99.5%), sulfur (99.98%), trioctylphosphine
(97%) ,1-octadecene (ODE), and oleic acid (OA 90%) were purchased from Aldrich.
zinc oxide (99.999%) was purchased from Aladdin, All chemicals were used directly
without any further purification.

Synthesis of Zn, Cd, Se, S precursor

In a typical reaction, The Cd and Zn precursors (0.2 M) were made by dissolving
CdO/Zn0O in OA (1:4 molar ratio) and ODE under Ar. The mixture of CdO, OA and
ODE was degassed for 60 min and then heated at 240 °C until the solution turned clear.
Similarly, the mixture of ZnO, OA and ODE was degassed for 60 min and then heated
at 310 °C until the solution turned clear .The Se precursor (0.2 M) was made by
dissolving pure Se powder in trioctylphosphine (TOP) (1:2.25 molar ratio) and ODE.
The S precursor (0.2 M) was made by adding pure S powder in trioctylphosphine (TOP)
(1:2.25 molar ratio) and ODE.

Synthesis of ZngsCdosSe alloy QDs

12.78 mg (0.157 mmol) of Zn0O, 20.17 mg (0.157 mmol) of CdO, 0.44 ml OA,
13.46 ml ODE were added to a three-necked bottle. The flask was vacuum-pumped and
heated to 100 °C about 60 min to remove water and oxygen. Then the reaction was
flooded with Ar and further heated to 310 °C. After the solution turned clear, the
prepared 1.57 ml selenium precursor was then injected into the reaction solution quickly.
QDs were completely alloyed after 45 min.

Synthesis of Zng3Cdo.7Se alloy QDs

The process is the same as that of ZnosCdosSe alloy QDs. The only difference is
that we changed the Zn and Cd precursors to 7.65 mg (0.094 mmol) and 28.22 mg (0.22
mmol) respectively.

Synthesis of Zng 7Cdo3Se alloy QDs

The process is the same as that of ZnosCdosSe alloy QDs. The only difference is
that we changed the Zn and Cd precursors to 17.9 mg (0.22 mmol) and 12.07 mg (0.094
mmol) respectively.

Synthesis of the first ZnS barrier layer on the ZnxCds.xSe core (Core/Barrier)

The solution containing ZnxCd1.xSe was first cooled to 220 °C (prevent the barrier
layer diffusion to core) for the growth of ZnS layer. Then 0.6 ml Zn precursor was added
firstly followed by adding 0.6 ml S precursor 5 min later. The Zn and S were reacting
about 30 min to allow epitaxial growth of first ZnS layer. Then sequentially adding 0.8
ml zinc precursor and 0.8 ml sulfur precursor with a time interval of 5 min. Then
reacting 30 min to allow epitaxial growth of second ZnS layer. Then sequentially adding
1.1 ml zinc precursor and 1.1 ml sulfur precursor with a time interval of 5 min. Then
reacting 30 min to allow epitaxial growth of third ZnS layer. This process can be
repeated to grow more layers of ZnS barrier.

Synthesis of ZnosCdosSe QW layer on the surface of ZnyCdixSe /ZnS QDs (Core/Barrier/QW)

For the growth of the ZnosCdosSe layer, the mixture of 2.36 ml Zn and 2.36 ml
Cd precursors were added firstly into the three-necked bottle, followed by injecting



4.72 ml Se precursor 20 min later. Then after 10 min, we increase the temperature to
230 °C, which is maintained for 45 min to form alloy Zno.sCdo sSe outside the ZnS layer.
Synthesis of Zno 3Cdo.7Se QW layer on the surface of ZnxCdixSe /ZnS QDs (Core/Barrier/QW)

The process is the same as that of ZnxCdi1.xSe /ZnS/ZnosCdosSe QDs. The only
difference is that we changed the Zn and Cd precursors to 1.42 ml and 3.3 ml
respectively.

Synthesis of Zno 7Cdo.3Se QW layer on the surface of ZnxCdixSe /ZnS QDs (Core/Barrier/QW)

The process is the same as that of ZnxCdi.xSe /ZnS/ZnosCdosSe QDs. The only
difference is that we changed the Zn and Cd precursors to 3.3 ml and 1.42 ml
respectively.

Synthesis of Zno 2Cdo.sSe QW layer on the surface of ZnxCd;xSe /ZnS QDs (Core/Barrier/QW)

The process is the same as that of ZnxCdixSe /ZnS/ZnosCdosSe QDs. The only
difference is that we changed the Zn and Cd precursors to 0.944 ml and 3.77 ml
respectively.

Synthesis of outmost ZnS layer on the surface of Zn.CdixSe/ZnS/ZnyCdiySe QDs
(Core/Barrier/QW/Shell)

After growth of the alloy layer, ZnS shell was used to reduce surface defects and
improvement of the quantum vyield. The above reaction solution was first cooled to
220 °C for the growth of ZnS layer, 2.0 ml Zn precursor was added firstly followed by
adding 2.0 ml S precursor 5 min later. The Zn and S were reacting about 30 min to
allow epitaxial growth of first ZnS layer. Then sequentially adding 2.5 ml zinc precursor
and 2.5 ml sulfur precursor with a time interval of 5 min. Then reacting 30 min to allow
epitaxial growth of second ZnS layer. Then sequentially adding 3.2 ml zinc precursor
and 3.2 ml sulfur precursor with a time interval of 5 min. Then reacting 30 min to allow
epitaxial growth of third ZnS layer. This process can be repeated to grow more layers
of ZnS barrier. The QDs were annealed after coating the outmost ZnS layer, first raise
the temperature to 230 °C, then keep it for 60 min, which makes the QDs have better
crystallinity and less defect states.

After annealing, the temperature is reduced to room temperature. The obtained
QDs solution was mixed with 10 ml hexane and centrifuged at 10000 rpm for 3 min to
remove the impurities, the obtained supernatant was mixed with ethanol in a ratio of
1:1, and centrifuged at 6000 rpm for 3 min, the obtained precipitation (about 660 mg)
is dissolved in hexane for purification, which was repeated for 3 times. We could obtain
10 ml QDs that dissolved in hexane. About 100 uL QDs were dropped onto a glass slide,
and n-hexane was removed on a heating table at 70 °C for 1 min. This specimen can be
used for XRD analysis.

Characterization

The transmission electron microscopy (TEM) was carried out using a FEI Tecnai
G2 F30 transmission electron microscope operating at an acceleration voltage of 300
kV. X-ray diffraction (XRD) measurements were carried out by an X-ray diffractometer
(Bruker Advance D8 Ew Germany) with Cu Ka radiation (A = 1.54178 A). The
operation voltage and current is 40 kV and 25 mA, respectively. The 20 range was from
10 to 80 ° in a step of 0.02 °. The emission spectra were carried out using a
FluoroSENS-9000 spectrophotometer with a static xenon lamp (150 W) as an excitation



source. The QY were taken using a Hamamatsu Quantaurus-QY, model no. C11347.

Figure S2. Schematic diagram of alloyed multi-shell QDs.

Table S1. Zn/Cd ratio of various QDs measured by ICP-Mass, for core QDs with different Zn/Cd
in the precursor.

Zn/Cd ratio
Core Zn/Cd feed ratio measured in
QDs
Zno3Cdo.7Se 0.43 0.38
Znos5CdosSe 1 0.89
Znp.7Cdo 3Se 2.33 2.11
Zn/Cd feed ratio of Zno3Cdo.7Se core:
/n 0.3
a = ﬁ = 043
Zn/Cd feed ratio of ZnosCdosSe core:
Zn 05
cd 05 °
Zn/Cd feed ratio of Zno7Cdo3Se core:
Zn 07 _
d-03" 2.33

Table S2. Zn/Cd ratio of various QDs measured by ICP-Mass, for core/ZnS QDs with different
Zn/Cd in the precursor.

Zn/Cd ratio

Core/ ZnS Zn/Cd feed ratio measured in
QDs
ZnosCdosSe/ZnS 4.07 3.55

Zn/Cd feed ratio of ZnosCdosSe/ZnS:

Zn %*R*R13*0.5+%*1‘[*(R23—R13)*1_407

Cd %*R*R13*0.5




Table S3. Zn/Cd ratio of various QDs measured by ICP-Mass, for core/ZnS/QW QDs with different
Zn/Cd in the precursor.

Zn/Cd ratio
Core/ZnS/QW Zn/Cd. feed measured
ratio .
in QDs
Zno5CdosSe/ZnS/Znp 3Cdo.7Se 1.13 0.89
Zno5CdosSe/ZnS/Zng sCdosSe 1.77 1.41
Zno5CdosSe/ZnS/Zny 7Cdo3Se 2.96 2.38

Zn/Cd feed ratio of ZnosCdosSe/ZnS/Zno3Cdo.7Se:

n é>l<1T>|<R13 * 0.5 +£*T[* (R23—R13) x 1 +é*n* (R33—R23) x0.3

_ 3 3 3 _
a = 7 7 =1.13
g * R3 %05+ T (R:*—R,%) 0.7
Zn/Cd feed ratio of ZnosCdosSe/ZnS/ZnosCdosSe:
n %* m* R+ 0.5+ % s1x (R =R« 1+ % *1* (Ry°—R,%) 0.5
- =1.77
. %*R*R13*O.5+%*1‘[*(R33—R23)*0.5
Zn/Cd feed ratio of ZnosCdosSe/ZnS/Zno3Cdo.7Se:
n %* m* R 0.5+ % *+x (RS =R, « 1+ % * 1 (Ry°—R,%) % 0.7
i = 2.96
. %*R*ng*O.5+%*1‘[*(R33—R23)*0.3
Table S4. Photoluminescence lifetime components of different reaction stages
T T2 T3
ns
Ay (ns) Az (ns) As (ns) Tang (9)
ZnCdSe (A =575nm) 14179 486 8353 1641 860 42.48 10.36
Core/ZnS
(A=575 nm) 32144 5.20 10688 15.73 909 38.03 8.44
CorelZnSIQWIZNS 19345 472 17435 1621 23438 3029 22.63
(A=515 nm)
Core/ZnSIQWIZNS 10003 3096 16004 1581 22497 37.15 20.34
(A=575 nm)

Absolute QY measurement
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Figure S3. Absolute QY measurement. (Top) Light source intensity of blank sample measurement.
(middle) Light source and PL intensity of sample measurement. (Bottom) The PL spectra of blank
sample and QDs sample. (The QY were taken using a Hamamatsu Quantaurus-QY, model no.
C11347).
The fluorescence quantum yield is defined as the ratio of the number of photons emitted

to the number of photons absorbed.
_ photons emitted IpL,
~ photons absorbed I g — IgLs

Ipr.: Photon number integral of luminescence light of the sample
IgLr: Photon number integral of excited light of the reference sample

IgLs: Photon number integral of excited light of the sample
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