
fu
ll p

a
p
er

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim wileyonlinelibrary.com (1 of 8)  1700051

order to avoid the toxicity of Cd2+ and 
reduce the cost of In3+, perovskite QDs 
have become a hot topic.[8] The spectral 
characteristics of these QDs are narrow-
band emission and broad absorption.[9] 
Meanwhile, there is an overlap between 
emission and absorption spectra of QDs 
owing to small Stokes shifts. Therefore, 
the spectral properties of QDs could be 
influenced by reabsorption, which comes 
from a resonance energy transfer (RET) 
effect.[10,11] Another strategy for modifying 
inherent properties of semiconductor QDs 
is to introduce dopants. Through doping 
optical activators, such as Mn2+ or rare 
earth ions, the electronic and photophys-
ical properties of QDs could be modified. 
The dopant creates electronic states in 
the mid-gap region of the QDs and, thus, 
it alters charge separation and recombi-
nation dynamics. For Mn2+-doped QDs, 
the dopant emission is restricted within 

the orange spectral window originating from the intrinsic 
4T1 → 6A1 transition of Mn2+, which shows no relationship with 
the energy level of the host.[12] Additionally, the Mn2+-doped 
QDs present large Stokes shifts, thus avoiding reabsorption. 
Therefore, the combination of semiconductor QDs and doped 
QDs with appropriate structure may receive interesting optical 
properties. In a previous study, Mn2+ doped in CdS/ZnS QDs 
with different radial positions, such as Mn2+ doped in the core, 
interface of core and shell, and shell, were investigated.[13] 
These Mn2+-doped CdS/ZnS QDs show doped-position-related 
optical properties. The quantum yield (QY) of CdS-band emis-
sion is almost constant for these QDs, but the QY of Mn2+ 
emission increased with the Mn2+ doped away from the CdS 
core, which indicates the effective energy interaction between 
band-edge emission and Mn2+-ion emission.

Therefore, there is a possible strategy to tune the photolu-
minescence (PL) of core/multishell QDs containing both band-
edge emission and electronic transition from the activators, 
which show different luminescence behaviors depending on 
the excitation power. Such a luminescence material can dem-
onstrate potential application for anticounterfeiting labels; 
however, it is intrinsically different from an anticounterfeiting 
feature relying on photoluminescence from the rare-earth-
doped luminescence materials.[14] Moreover, the integration 
of luminescence materials on stretchable substrates currently 
becomes an extensively investigated topic because they offer 
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1. Introduction

Semiconductor quantum dots (QDs) hold excellent prospects 
in optoelectronics due to their transparency,[1] solution process-
ability,[2] high efficiency,[3] and tunable band gaps.[4] These prop-
erties make them competitive building blocks for existing and 
emerging technologies alike. Over the past few decades, binary 
II−VI compound (e.g., CdS),[5] binary III−V compound (e.g., 
InP),[6] and ternary I−III−VI compound (e.g., CuInS2)[7] QDs 
have been widely studied and actively applied to light-emitting 
diodes, lasers, solar cells, and biomarkers. In recent years, in 
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the characteristics of luminescence properties and the ability 
to be stretched into arbitrary shapes.[15,16] Nowadays, the most 
studied stretchable devices are applied in artificial intelli-
gence,[17] artificial human skin,[18] semiconductor device,[16,19] 
and sensor.[20] However, there are a few reports focusing on a 
stretchable anticounterfeiting device which can be integrated 
into polymer high-value documents, providing an advanced 
anticounterfeiting feature.

In this study, we present a stretchable and transparent 
excitation-power dependent, color-tunable luminescent poly-
dimethylsiloxane (PDMS) film (LPF), and explore its potential 
application for anticounterfeiting. Such an LPF was fabricated 
by combination of a PDMS substrate and excitation-power-
dependent, color-tunable QDs. The QDs, CdS/ZnS/ZnS:Mn2+/
ZnS, show blue and orange emission simultaneously, which 
are ascribed to the CdS band-edge emission[21] and 4T1 → 6A1 
emission of the Mn2+ ion,[22] respectively, and their emission 
intensity ratios are dependent on the power of a single-wave-
length excitation source. Such a unique feature is very difficult 
to replicate and holds promise in the field of advanced anti-
counterfeiting, compared with the traditional rare earth lumi-
nescent materials with unicolor photoluminescence behavior 
upon external excitation.[14] Furthermore, the photolumines-
cence tuning of QDs can also be realized through varying QD 
concentration in the substrate under fixed excitation power, due 
to the different RET responsiveness of CdS and Mn2+ emission. 
A bottom-up method is employed to fabricate LPF, which ena-
bles facile transfer ability to any other carrier. Meanwhile, the 
performance of a stretchable and transparent LPF leads to its 

wide usage in real life anticounterfeiting. LPF can incorporate 
with the carrier perfectly and has no effect on the recognition 
of its original information, which reveals a new level of fluores-
cent anticounterfeiting features.

2. Results and Discussion

Synthesis illustration and structural characterizations of 
CdS/ZnS/ZnS:Mn2+/ZnS core/multishell QDs are shown in 
Figure 1. The QDs were prepared using a three-step synthesis 
process, and the synthetic method is schematically shown in 
Figure 1a. Firstly, the CdS core was prepared when precursors 
of S powder and cadmium myristate, as well as solvent 1-octa-
decene (ODE), were loaded in a three-necked flask and heated 
to 250 °C under N2 flow. Within 20 mins, the CdS band-edge 
emission evolves at 440 nm. However, a lower intensity broad 
emission centered at ≈570 nm also appeared (Figure S1i, Sup-
porting Information), presumably due to surface trap emis-
sions. Secondly, the CdS/ZnS core/shell QDs were synthesized 
by overcoating a layer of ZnS shell on a CdS core. The above 
CdS core was redispersed in a mixed solvent of oil amine (OLA) 
and ODE in a three-necked flask, which was filled with N2, and 
the mixture was heated to 220 °C. Then, the zinc precursor 
and S precursor were injected into the solution in two batches, 
followed by annealing at 220 °C for 10 mins after each batch. 
Further injection of zinc precursor and S precursor removes 
the broad emission and enhances the CdS band-edge emission, 
as shown in Figure S1ii in the Supporting Information, which 
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Figure 1.  Synthesis illustration and structural characterizations of CdS/ZnS/ZnS:Mn2+/ZnS core/multishell QDs. a) Illumination of the three-step 
process was demonstrated, and the hot-injection reaction and the raw materials used in each step were given; b) XRD patterns of as-prepared CdS, 
CdS/ZnS, and CdS/ZnS/ZnS:Mn2+/ZnS QDs obtained in each step and the corresponding standard patterns of ZnS and CdS; TEM images and their 
electron diffraction patterns of c) CdS, d) CdS/ZnS, and e) CdS/ZnS/ZnS:Mn2+/ZnS QDs; f) HRTEM images of (220) and (111) crystal face of ZnS in 
CdS/ZnS/ZnS:Mn2+/ZnS QDs.
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demonstrates the formation of a CdS/ZnS core/shell structure. 
The synthesis process of CdS/ZnS/ZnS:Mn2+/ZnS core/multi-
shell QDs was similar to that of CdS/ZnS QDs, and the specific 
synthesis process described in the experimental section. The 
orange emission appears after the overcoating of ZnS:Mn2+ on 
the CdS/ZnS core/shell QDs (Figure S1iii, Supporting Infor-
mation). There is also a ZnS shell that is coated on the outmost 
layer to guarantee the highly efficient emission of ZnS:Mn2+. 
Moreover, a tiny blue-shifting of the CdS band-edge emission 
toward shorter wavelength after the overcoating reaction indi-
cates the continuous growth of a multishell. To identify the 
core/multishell structure, we firstly investigated the crystallo-
graphic property by powder X-ray diffraction (XRD). Three dis-
tinct diffraction peaks can be observed from the XRD pattern of 
the CdS core and they matched well with those of the bulk CdS 
cubic structure (Figure 1b). The peaks shifted to larger angles 
toward the diffraction peaks of a bulk ZnS cubic structure after 
over coating the ZnS shell on the CdS core. Additionally, the 
peak of the (111) crystal face of CdS became broader and asym-
metric with the growth of ZnS shell. Broadening of this diffrac-
tion peak was consistent with overlying of diffraction peaks of 
CdS and ZnS. The fitting of this diffraction peak was carried 
out and the (111) crystal face of CdS and ZnS can be distin-
guished, respectively (Figure S2, Supporting Information). 
Therefore, the core/multishell structured CdS/ZnS/ZnS:Mn2+/
ZnS QDs was confirmed by the results of XRD analysis.

In order to further demonstrate the structure evolution of 
CdS/ZnS/ZnS:Mn2+/ZnS QDs, the transmission electron 
microscopy (TEM) and high resolution TEM (HRTEM) images 
of CdS core, CdS/ZnS, and CdS/ZnS/ZnS:Mn2+/ZnS QDs 
were carried out, respectively, and shown in Figure 1c–f. The 
size of the as-prepared CdS core, CdS/ZnS, and CdS/ZnS/
ZnS:Mn2+/ZnS QDs were measured as about 2.2, 4.4, and 
5.8 nm from TEM images, respectively. The combination of the 
results of TEM and XRD demonstrate shell growth. The size 
dependence of the band gap energy, E(R), can be given by the 
following effective-mass approximation when the quantum 
confinement becomes effective:[23]
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where Eg is the bulk band gap, R is the radius of the QD, and 
me and mh are the effective masses of electrons and holes, 
respectively, h is the reduced Planck constant, e is the elemen-
tary charge, ε is the bulk dielectric constant, and E*Ry is the 
effective Rydberg energy, which is equal to e4/(2ε2h2(me

−1 + 
mh

−1)). Adopting me = 0.2 m0 (m0 is the free electron rest mass), 
mh = 0.8 m0, ε = 5.4, andi = 2.42 V, a CdS QDs with an emis-
sion peak at 440 nm has an estimated radius of 2.2 nm. The 
experimental peak position of CdS band-edge emission is sim-
ilar to the calculated result. The selected area electron diffrac-
tion in Figure 1c–e (up left) illustrate that the as-prepared QDs 
have cubic zinc blended structure. The diffraction ring of the 
(111) crystal face becomes broadened and can be identified as 
two distinct crystal faces of CdS and ZnS, with an increasing 
ZnS shell. This can also be seen in Figure 1f, where the inter-
planar crystal spacing is identified as 1.9 and 3.2 Å, respectively, 
which corresponds to that of ZnS. The result implies that the 

as-designed core/multishell structure has been obtained, rather 
than the crystallization of a CdS core.

Photoluminescence properties and the proposed lumines-
cence mechanisms of CdS/ZnS/ZnS:Mn2+/ZnS core/multi-
shell QDs were shown in Figure 2. The CdS/ZnS/ZnS:Mn2+/
ZnS QDs with a concentration of 0.00125 mg mL−1 in hexane 
were used to explore its photoluminescence tuning proper-
ties. As depicted in Figure 2a, the core/multishell QDs show 
two emission bands at about 440 nm (CdS band-edge emis-
sion) and about 590 nm (Mn2+ emission) under different 
excitation-power density irradiated by a laser. The intensity of 
band-edge emission of CdS (IB) monotonically increases with 
the increase of excitation power. However, the intensity of 
the Mn2+-ion emission (IO) reaches a maximum at the excita-
tion power of 1.32 mJ cm−2. The enlarged picture in Figure 2a 
shows the intensity saturation part of Mn2+-ion emission. The 
intensity of Mn2+-ion emission has a slightly decrease that is 
attributed to instrumental error when the excitation power is 
beyond 10.7 mJ cm−2 and reaches a stable level at 80.3 mJ cm−2. 
The variation of the intensity data originated from blue and 
orange emission are shown in Figure 2b. IO is stronger than IB 
when the excitation power is less than 1.32 mJ cm−2, so the as-
observed color is orange. With the increase of excitation power, 
IB becomes stronger than IO, which leads to photolumines-
cence tuning, from orange to blue. The luminous intensity is 
given by[24]

(1 10 )F 0I kI lc= − ε−

	 (2)

where IF is the fluorescence intensity, I0 is the absorbed inten-
sity, k is the quantum yield, ε is the molar absorptivity, l is the 
path length, and c is the concentration of analyte. On the basis 
of this equation, the photoluminescence intensity should be 
enhanced with an increase of excitation power, without satu-
ration, which corresponds to the CdS emission in the CdS/
ZnS/ZnS:Mn2+/ZnS QDs. However, IO reaches a maximum 
at an excitation power of 1.32 mJ cm−2. The explanation of 
this phenomenon is given below. As shown in Figure 2c, an 
increase of IO is attributed to an increased number of Mn2+ at 
4T1. The total excitation of all Mn2+ dopants in the QDs results 
in a maximum of IO, and the IO remains nearly constant with 
a further increase of excitation power. This saturation of IO 
further indicates that all the Mn2+ ions inside individual QDs 
are pumped to their excited state (4T1), and no more Mn2+ ions 
can accept energy from the excitations of QDs.[25] However, a 
further increase of IB is allowed under excitation at a higher 
intensity. An inset of Commission Internationale de l’Eclairage 
(CIE) chromaticity diagram in Figure 2b shows the color coor-
dinates of QDs under various excitation power. The CIE chro-
maticity coordinate gradually vary, from a yellow-green region 
(0.197, 0.395) to an orange area (0.242, 0.547), corresponding 
to the excitation power at 0.001 and 0.08 mJ cm−2. Neverthe-
less, with the continuous increase of excitation power, the CIE 
chromaticity coordinate gradually varies from an orange area 
to a blue region, rather than to red region. This phenomenon 
results because the quantum efficiency of Mn2+ ion emission 
(27%) is higher than that of CdS band-edge emission (17%). 
The higher quantum efficiency leads to a faster growth rate of 
emission intensity. Therefore, the intensity of orange emission 
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is stronger than that of blue emission before the intensity satu-
ration of orange emission.

Photoluminescence tuning of CdS/ZnS/ZnS:Mn2+/ZnS 
QDs can be also realized under fixed excitation power, but 
have variable concentration in solution due to the RET effect. 
Figure 2d shows the photoluminescence spectra and adsorption 
spectra of CdS/ZnS/ZnS:Mn2+/ZnS QDs with different QD 
concentration in the hexane. With an increase of QD concen-
tration, the intensity of blue emission decreases and the ratio 
of IO/IB monotonically increased, which resulted in a color 
change, as presented in Figure 3e. The inset of Figure 3e shows 
a photograph of the QDs with various concentrations under 
radiation of an n-UV lamp with a wavelength of 365 nm. By 
adjusting the concentration, these samples present different 
colors, suggesting that the photoluminescence emissions could 
be profoundly tailored. The mechanism of this phenomenon is 
attributed to the RET effect,[10,26] ascribed to the broad overlap 
of the emission and absorption spectra of CdS QDs (see in 
Figure 2d). A donor QD, initially in its electronic excited state, 
transfers energy to another acceptor QD through nonradiative 
dipole–dipole coupling, as shown in Figure 2f. At low concen-
tration, the distance between QDs is much longer than the 
Förster distances (donor–acceptor distance of 50% RET effi-
ciency). There are fewer opportunities for nonradiative energy 
transfer efficiency to take place. On the contrary, the distance 
between QDs was significantly shortened and enhanced the 
nonradiative energy transfer efficiency at high concentration. 
Therefore, the photoluminescence tuning can be realized by 

changing of the concentration of CdS/ZnS/ZnS:Mn2+/ZnS 
QDs in the substrate. In order to understand the stability of 
materials as well as long lived photoluminescence behavior, we 
have comparatively investigated the photoluminescence emis-
sion spectra of the as-prepared CdS/ZnS/ZnS:Mn2+/ZnS QDs, 
QDs exposed to air for 60 d, and QDs irradiated by UV light 
for 12 h, respectively. As given in Figure S3 in the Supporting 
Information, there is clearly no obvious difference in the emis-
sion intensities among them, which demonstrates good sta-
bility of as-prepared QDs for practical application.

The stretchable and transparent excitation-power-dependent, 
color-tunable films are fabricated by the combination of PDMS 
and CdS/ZnS/ZnS:Mn2+/ZnS QDs via a simple solution-based 
technique, and, herein, PDMS can be regarded as a substrate 
to functionalize as-prepared QDs. Excitation-power-dependent 
photoluminescence spectra and variation of the blue/orange 
emission intensities of the LPF are shown in Figure 3. Three 
LPFs with different concentrations of CdS/ZnS/ZnS:Mn2+/ZnS 
QDs are studied; the intensity of the CdS band-edge emission 
of the films monotonically increases with the increase of excita-
tion power, and the intensity of Mn2+ emission reaches a max-
imum at a certain excitation power. Additionally, the inset of 
Figure 3a–c shows the photographs of LPF under daylight (left) 
and 365 nm UV light (right). The films are transparent under 
daylight and show different color under 365 nm UV light irra-
diation. The photoluminescence tuning properties of the LPFs 
are similar to that of QDs in hexane solution, implying the 
substrates have no obvious effect on the photoluminescence 
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Figure 2.  Photoluminescence properties and the proposed mechanisms of color-tunable CdS/ZnS/ZnS:Mn2+/ZnS core/multishell QDs. a) Photo-
luminescence spectra and b) the emission intensity variation of CdS/ZnS/ZnS:Mn2+/ZnS QDs under different excitation power (inset in (a) shows 
the enlarged emission peaks at near 590 nm, and inset in (b) gives the CIE 1931 chromaticity diagram and the color coordinates). c) The proposed 
mechanism on the excitation-power dependent variation of intensity ratio between blue and orange emission of CdS/ZnS/ZnS:Mn2+/ZnS QDs. d) UV–
vis absorption (red line) and photoluminescence (blue line) spectra; e) Concentration dependent orange/blue emission intensity ratios of CdS/
ZnS/ZnS:Mn2+/ZnS QDs in hexane (Inset: the photographs under 365 nm light irradiation of CdS/ZnS/ZnS:Mn2+/ZnS QDs with a concentration of 
0.0015 mg mL−1 (1), 0.01 mg mL−1 (2), and 0.5 mg mL−1 (3)); f) Schematic illustration of RET mechanism of CdS/ZnS/ZnS:Mn2+/ZnS.
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properties of QDs. It is worth mentioning that the CdS band-
edge emission intensity of these films exceeds the intensity 
of Mn2+ emission at different excitation power (Figure 3d–f). 
When the QD concentration of the LPF is 0.001 g mL−1, IB 
exceeds IO at an excitation power of 2.66 mJ cm−2. With the 
increase of QD concentration, this excitation power also 
increased. This phenomenon plays an important role in tuning 
the photoluminescence properties of the LPF. The inset photo-
graph in Figure 3d–f shows the CIE 1931 chromaticity diagram 
and the coordinates of different LPFs under different excitation 
powers. All three LPFs exhibit orange color at a low excitation 
power. When the excitation power increases to 44.7 mJ cm−2, 
the color of the film with QD concentration of 0.001, 0.1, and 
0.5 g mL−1, becomes blue, purple, and white, respectively. The 
color-changing range shortens with an increase of QD concen-
tration. Additionally, the ratio of IB/IO is different at a certain 
excitation power among the films with different concentration 
of QDs. A series of LPFs with different colors could be obtained 
under fixed-excitation-power laser-irradiation, by changing the 
concentration of the QDs, which would significantly simplify 
the preparation process.

Fabrication of LPFs grafted CdS/ZnS/ZnS:Mn2+/ZnS QDs 
and their mechanical and photoluminescence properties as 
anticounterfeiting materials are shown in Figure 4. A bottom-
up method is employed to prepare the excitation-power-
dependent color-tunable film. As shown in Figure 4b, PDMS 
containing color tunable QDs is injected into the mold and 
then dried at 80 °C to form three heart-shaped patterns. The 

QD concentration of each heart-shaped pattern is 0.001, 0.1, 
and 0.5 mg mL−1, respectively. The PDMS is coated onto the 
surface of the mold when the heart-shaped patterns are solidi-
fied and then the film forms after drying at 80 °C. Finally, the 
heart-shaped patterns are sandwiched and coated with PDMS 
on the other side of the film. As can be seen in Figure 4a, the 
heart-shaped pattern is almost transparent without irradiation 
with a laser. The patterns with high concentration (0.5 mg mL−1, 
right) and middle concentration (0.1 mg mL−1, up) of QDs 
show yellow color under low-excitation-power laser-irradiation 
on the surface of the film directly. At the same time, the lowest 
concentration (0.001 mg mL−1) pattern (left) show amaranth 
color, and this phenomenon corresponds to the result shown 
in Figure 3. Next, the excitation power rises to 10 mJ cm−2. The 
pattern with a high concentration of QDs still keeps the orange 
color. The color of patterns with middle and low concentration 
of QDs become white and pink, respectively. When the excita-
tion power continuously rises to 30 mJ cm−2, the color of the 
patterns with high, middle, and low concentration of QDs show 
pink, light blue, and blue, respectively. These results confirm 
that the color change range of LPFs is modulated by the con-
centration of QDs. Photographs of the as-fabricated LPFs under 
different excitation power are shown in the bottom of Figure 4a. 
The difference of color change range among the three pat-
terns can be cleanly observed in this series photographs. The 
flexibility and stretchable properties of the LPFs are shown in 
Figure 4c,d. The LPFs can be twisted 180° and stretched more 
than 50%, and the as-designed luminescent patterns in LPFs 
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Figure 3.  Excitation-power dependent photoluminescence spectra and variation of the blue/orange emission intensities of luminescent PDMS film 
grafted CdS/ZnS/ZnS:Mn2+/ZnS QDs. Excitation-power dependent photoluminescence spectra of PDMS films with different concentrations of CdS/
ZnS/ZnS:Mn2+/ZnS QDs, a) 0.001 g mL−1, b) 0.1 g mL−1, and c) 0.5 g mL−1, (inset: photographs of luminescent PDMS films under daylight (left) and 
365 nm UV light (right)), scale bar: 1 cm. Variations of the blue and orange emission intensities of PDMS films depending on different excitation power. 
PDMS film reached the equal emission intensity of blue and orange light at different excitation powers: 2.66 mJ cm−2 at 0.001 g mL−1, 7.56 mJ cm−2 
at 0.1 g mL−1, and 32.6 mJ cm−2 at 0.5 g mL−1. Insets in (d–f) show the CIE 1931 chromaticity diagram and the coordinates of different PDMS films 
under different excitation power.
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have a corresponding deformation indicating the good com-
patibility of as-synthesized QDs in PDMS. Figure 4e shows 
a photograph of the LPFs pasted on a polymer banknote and 
irradiated with daylight or a commercial UV flashlight. The 
patterns on the banknote, pasted by the LPFs, can be identi-
fied due to the transparency of the film (Figure 4ei). When the 
LPFs is irradiated by a low-powered UV flashlight, and not the 
laser light source used in the above photoluminescence meas-
urement, the patterns in the film with different concentrations 
of QDs also clearly show three colors. Then, a neutral density 
filter (ND filter) is applied to reduce the irradiation power. As 
can be seen in Figure 4eiii, the color of the pattern irradiated by 
lower energy has a slight change compared to that of a pattern 
irradiated by higher energy, shown in Figure 4eii. This result 
indicates that the excitation-power-dependent, color-tunable 
film can be used as an anticounterfeiting material easily, which 
only needs slight modification of the detector.

3. Conclusion

In summary, we firstly fabricate stretchable PDMS film grafted 
CdS/ZnS/ZnS:Mn2+/ZnS core/multishell QDs with a unique 
excitation-power-dependent luminescence property; the LPF 
shows blue and orange emission simultaneously, and tuning of 
photoluminescence originates from the variation in the emis-
sion intensity ratios. Additionally, the concentration of QDs in 
the substrates (hexane or PDMS) can also control the photolu-
minescence tuning. Their mechanisms have been demonstrated 
and verified experimentally. It is believed that the tunable 
photoluminescence property of these flexible LPF grafted doped 
core/shell QDs, which depends on outer excitation power and 
intrinsic QD concentration, is important for solution-based, 
color-tunable luminescence materials and devices, and demon-
strates an example for anticounterfeiting applications.

4. Experimental Section
Precursor Preparation:

(a)	 Mn-precursor solution: OLA (4 mL) and Mn(Ac)2·4H2O (4.9 mg, 
0.02 mmol) were added into a 25 mL flask and heated at 80 °C 
for 10 min under N2 flow. After a clear solution was obtained, the 
solution was cooled to room temperature and ready for use. Note 
that the Mn precursor solution should be freshly made before the 
synthesis.

(b)	 Sulfur solution: Sulfur powder (12.8 mg, 0.4 mmol) was added into 
a flask with ODE (10 mL). Then the solution was heated to 80 °C 
under N2 flow. The temperature was maintained for 10 min. After 
a clear solution was obtained, the solution was cooled to room 
temperature and ready for use.

(c)	 Zinc stearate solution: Zinc stearate (0.4 mmol) was added into a 
flask with ODE (10 mL). After degassing for 10 min, the mixture was 
heated to 120 °C to dissolve zinc stearate. The solution was cooled 
to room temperature and slurry formed. The slurry was directly used 
for ZnS-shell growth.

Synthesis of the Cd Precursor of Cadmium Myristate: In a typical 
synthesis, a solution of cadmium nitrate in methanol (0.05 m, 40 mL) 
was added to a solution of sodium myristate in methanol (0.025 m, 
240 mL). The resulting white precipitate was washed twice with 
methanol and dried under vacuum overnight to remove all solvents.

Preparation of CdS: Cadmium myristate (0.1928 g) and S powder 
(0.0056 g) were loaded into a three-necked flask and mixed with 1-ODE 
(20 mL). After purging with N2, the temperature was raised to 240 °C. 
The reaction was carried out for 20 min and then was allowed to cool to 
room temperature. The nanocrystals of CdS were precipitated by adding 
acetone and washed by chloroform and acetone three times. Finally, the 
CdS nanocrystals were stored in 8 mL hexane.

Overcoating the ZnS shell on the CdS: The hexane solution of CdS 
core (4 mL) was dissolved in a mixture solution of ODE and oleylamine 
(12 mL of ODE and 4 mL of oleylamine). After purging with N2, the 
solution was heated to 220 °C. The zinc-stearate stock solution (4.8 mL, 
0.04 m in ODE) and S stock solution (4.8 mL, 0.04 m in ODE) were 
introduced to the CdS solution by dropwise addition separately. After 
10 min of reaction, another batch of stock solution was added into the 
CdS solution. The reaction was stopped after 10 min reaction and then 
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Figure 4.  Fabrication of luminescent PDMS film grafted CdS/ZnS/ZnS:Mn2+/ZnS QDs and the mechanical and photoluminescence properties as 
anticounterfeiting materials. a) Schematic illustration and photographs of luminescent PDMS film irradiated by a laser with different powers. b) The 
fabrication process of LPF. Photographs showing the c) twisting and d) stretchable properties of LPF. e) Photographs of LPF material in daylight and 
under a UV flashlight (365 nm). The LPF material is almost transparent in daylight. The power of UV light was attenuated by an ND filter and the as-
observed color of LPF is changed depending on the different excitation intensities, to provide the anticounterfeiting effect.
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cooled to room temperature. The nanocrystals were precipitated by 
adding acetone and washed by chloroform and acetone three times and 
stored in 4 mL hexane.

Mn2+-Dopant Shell and the Outmost ZnS Shell Growth: The hexane 
solution of CdS/ZnS (4 mL) was added into a mixture solution of ODE 
and oleylamine (12 mL of ODE and 4 mL of oleylamine), and then hexane 
was removed by purging of N2. Then the CdS/ZnS solution was heated 
to 280 °C. The Mn(Ac)2 stock solution (2 mL, 0.005 m in oleylamine) and 
S stock solution (0.25 mL, 0.04 m in ODE) were alternatively introduced 
into the hot solution by dropwise addition. After a further 20 min 
reaction, the zinc-stearate stock solution and S stock solution were 
introduced to the CdS/ZnS solution similar to the overcoating of ZnS 
shell above. Then, a large excess of zinc-stearate stock solution (6 mL) 
was added into the solution and reacted for 20 min. Finally, 4 mL oleic 
acid was introduced into the solution and cooled to room temperature. 
The nanocrystals were precipitated by adding acetone. The nanocrystals 
were stored in hexane.

Fabrication of Color-Tunable PDMS Film: The PDMS containing the 
color tunable QDs was injected into the matrix and then dried at 80 °C 
to form the three heart-shaped patterns. The concentration of QDs of 
each heart-shaped pattern was 0.001, 0.1, and 0.5 mg mL−1, respectively. 
The PDMS was coated onto the surface of the matrix when the heart-
shaped patterns were solidified. The film can be obtained after drying 
at 80 °C. Finally, the heart-shaped patterns were sandwiched and coated 
PDMS on the other side of the film.

Characterization: TEM was performed on a JEM-2010 operated 
at 120 keV on 200 mesh carbon coated nickel grids. X-ray powder 
diffraction was performed on a PANalytical X’Pert3 Powder 
diffractometer equipped with a Cu Kα radiation source and operated 
at 40 kV and 40 mA. UV–vis–NIR absorption spectra of colloidal 
solutions were collected at room temperature using a Varian Cary 
5 spectrophotometer. The steady PL spectra were carried out using a 
FLSP9200 fluorescence spectrophotometer (Edinburgh Instruments Ltd, 
UK). Excitation dependent photoluminescence signals were collected 
by an optical fiber and detected using a spectrometer (SD2000, Ocean 
Optics) with an integration time of 1 s. The samples were excited with 
the output of a Nd:YAG laser (355 nm, pulse width of about 3–6 ns, 
repetition frequency of 10 Hz).
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