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Efficient red luminescence in Eu®** doped CdSe/CdS
all-inorganic quantum dots shows great potential
for wLEDs+
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Complete inorganic quantum dots (QDs) CdSe/CdS:Eu** with full transmittance were proposed as red
color converters for white light emitting diodes (WLEDs) using a facile one-step melt quenching method.
TEM, XPS, and XRD were used to verify the successful nucleation of CdSe/CdS:Eu** QDs in silicate glass.
The results indicated that the incorporation of Eu contributed to the nucleation of CdSe/CdS QDs in
silicate glass, where the nucleation time of the CdSe/CdS:Eu** QDs rapidly decreased in 1 h compared
with other inorganic QDs that took more than 15 h. CdSe/CdS:Eu®* inorganic QDs exhibited bright and
long-term stable red luminescence under both UV and blue light excitation; up to 53.5% quantum yield
and 8.05 ms fluorescence lifetime were obtained by adjusting the Eu®" concentration. Based on the
luminescence performance and absorption spectra, a possible luminescence mechanism was proposed.
Moreover, the application potential of the CdSe/CdS:Eu®* QDs in WLEDs was studied by coupling the
CdSe/CdS:Eu®" QDs and commercial Intematix G2762 green phosphor on a InGaN blue LED chip. Warm
white light (5217 K) with 89.5 CRI and 91.1 Im W™ luminous efficacy could be achieved. Additionally, 91%
of the NTSC color gamut was obtained, demonstrating the great potential of the CdSe/CdS:Eu*
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Introduction

White LED (WLED) is one of the most important optical devices
in people's daily lives. To date, most commercial wLEDs have
been obtained using an InGaN-based blue LED chip to excite
commercial Y;Al;04,:Ce®" (YAG:Ce®"; yellow) phosphor or Lug-
Al;04,:Ce*" (LuAG:Ce®"; green) and CaAlSiN;:Eu>* (CASN:Eu”;
red) composite phosphors."> However, the absence of red
components in the first white light scheme resulted in a low
color rendering index (CRI) and cool white light. However, the
low luminous efficiency and transparency of red phosphors
used in the second white light scheme resulted in low luminous
efficacy for the wLED.? In comparison with red phosphor, the
red QD was regarded as the most potential luminescent mate-
rial to replace red phosphor and as a color converter for wLED
because of its high quantum efficiency, narrow full width at half
maximum (FWHM), high fluorescence efficiency, and wide
color gamut.*® However, the disadvantages of agglomeration,
weak thermal stability and atmospheric sensitivity of colloidal
QDs (CQDs) should be addressed before their practical
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inorganic QDs as a color converter for wLEDs.

applications in wLEDs.” Recently, synthesizing all-inorganic QD
was proposed to overcome the disadvantages of CQDs by
encapsulating QDs in a silicate glass matrix because of non-
reactivity, moisture and thermal resistance of inorganic
glasses.*® To date, various semiconductor and perovskite inor-
ganic QDs have been successfully synthesized within a silicate
glass matrix via a thermal nucleation and growth process using
the melt-quenching method, which absolutely presents their
promising characteristics and optical performance depending
on the element composition, QD particle size, and structure.'**>
CsPbX; (X = Cl/Br/I) halide perovskite QDs in glass are widely
studied inorganic QDs because of their high quantum yield,
narrow FWHM, and tunable emission.”*'* However, the low
quantum efficacy (<14%) and transmittance (<10%) of the red
halide perovskite QD glass (CsPbl;) limit its application
potential in wLED although the halide perovskite QDs with full
emission color from blue to red have been achieved by adjusting
the ratio of halide elements.”>'® Even though great endeavors
have been made and reported, the quantum efficiency of red-
emitting CsPbl; QDs could be partly improved by incorpo-
rating specific elements, such as fluorine and Eu®”, into the QD
glass matrix. Under the high temperature and poor trans-
mittance of CsPbl; QD glass, the volatile characteristics of
halide element I were also huge challenges for its practical
application in optical devices."”* Except for inorganic perov-
skite QDs, inorganic IIB-VIA group semiconductor QDs, such as
PbS, PbSe, CdSe, CdS, and ZnS, have attracted considerable
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attention in recent years.*> The advantages of high trans-
parency, a long fluorescence lifetime, and easy precipitation in
the glass matrix also show great application potential in optical
devices. However, similar to the red perovskite QDs, the IIB-VIA
group red QDs show relatively low quantum efficiency, which
hinders their feasibility as color converters for wLEDs. The
preparation of novel red-emitting all-inorganic QDs with high
quantum efficiency and transmittance is still an urgent task.

To address the low quantum efficiency of IIB-VIA group red
emitting inorganic QDs, we proposed and designed a novel all-
inorganic transparent CdSe/CdS:Eu®" red-emitting QDs by
doping rare earth Eu*" ions into the crystalline of CdSe/CdS co-
exited QDs based on the characteristic >D,~"F, energy level
transition of Eu*" ions.?*?* Compared with other inorganic QDs,
this CdSe/CdS:Eu’" inorganic QD shows full transmittance and
bright red fluorescence with 53.5% of QY under excitation of
blue light (465 nm) and significantly reduces the preparation
time (more than 10 h saved). Therefore, the CdSe/CdS:Eu’*
inorganic QD shows great potential as a color converter for
WLED.

Experimental
Preparation

655i0,-25Na,CO;-5Ba0-5Zn0-10%H;BO; (in mol%) glass
system was selected as the QD glass matrix, and QD raw mate-
rials, which consisted of 0.65ZnS-0.85ZnSe-0.75CdO (in mol%),
were mixed with the glass matrix materials and ground into
powders for a certain time. Then, Eu,0; was selected to provide
Eu®* and introduced into the QD crystalline based on the
theoretical calculation and luminescence of the actual product.
The CdSe/CdS:xEu®" inorganic QDs were synthesized by a facile
one-step melt-quenching method and by adjusting the mole
concentration variation of Eu®*" ions from 0.08% to 0.8%. In
detail, the mixed raw materials were melted in a muffle furnace
at 1000 °C for 1 h under ambient atmosphere with a heating rate
of 5 °C min~". Subsequently, the melts were removed immedi-
ately from the muffle furnace, promptly poured into a brass
mold and annealed at 400 °C for 3 h to release thermal stress.
Next, the CdSe/CdS:Eu®*" QD glasses were obtained when the
temperature cooled to room temperature naturally (see
Fig. S1t). Moreover, a blank sample (CdSe/CdS QDs without
Eu®" ion doping) was prepared using a similar method for
comparison. Finally, the as-prepared CdSe/CdS:Eu®" QDs
blended with commercial green phosphor (Intematix G2762 CIE
chromaticity coordinate x = 0.25, y = 0.64) were mounted on an
InGaN blue LED chip (465 nm) to assemble the WLED to
examine the color conversion (The specific preparation of the
wLED was supplied in ESI material part 2.7).

Characterization

To confirm the growth of the CdSe/CdS:Eu®" QDs in glass, X-ray
diffraction (XRD, D8 Advance, Bruker, Germany) measurements
were carried out with CuKa radiation operating at 40 kV and 30
mA in the range of 10-80° (2 theta) at a rate of 8° s™'. Micro-
structure observations of CdSe/CdS:Eu®" solid QDs were carried
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out using an FEI Tecnai G2 F20 TEM operated at 200 kV accel-
erating voltage. High-resolution TEM (HR-TEM) images were
taken using an FEI aberration-corrected Titan-Cubed S-Twin
transmission electron microscope operated on a HAADF
mode. X-ray photoelectron spectroscopy (XPS) was carried out
in a Thermo scientific 250Xi spectrometer equipped with
a monochromatic Al Ka X-ray source (hv = 1486.6 eV) operated
at 150 W. Photoluminescence (PL) spectra and fluorescence
lifetime were recorded by applying a Hitachi F-7100 spectro-
photometer equipped with continuous (450 W) xenon lamps.
The quantum yield (QY) and CIE chromaticity coordinates were
measured using an Edinburgh FLS 1000 spectrofluorometer.
Specifically, the QY measurement should be taken in an inte-
grating sphere and obtained by calculating the ratio of emitted
photons to those absorbed by the QD samples. The absorption
spectra were collected using a Lambda 950 UV-Vis spectropho-
tometer (PerkinElmer, USA). The optical properties of the QDs/
phosphors converted wLEDs, including the color rendering
index (CRI), correlated color temperature (CCT), electrolumi-
nescence (EL) spectra, and luminous efficacy (LE), were evalu-
ated using a spectroradiometer system that consisted of an
integrating sphere (PMS-50, Everfine, China) and a CCD spec-
trometer (CDS2100, Labsphere Inc., USA).

Results and discussion

Fig. 1a presents the TEM image of the CdSe/CdS:Eu** QDs
samples; it can be observed that the QDs dispersed well in the
inorganic glass matrix with an average diameter of 1.8 nm
(Fig. S21). The HR-TEM image of the QDs shown in Fig. 1b
revealed that QDs possess interplanar distances of 0.373, 0.351,
0.358, and 0.316 nm, corresponding to the (100), (002), (100),
and (101) lattice planes of CdSe and CdS.>”*® Moreover, the XRD
patterns were investigated to verify the successful synthesis of
the inorganic CdSe/CdS:Eu®*" QDs in glass. As illustrated in
Fig. 1c, although there is no sharp diffraction peak emerging
due to the nano particle size of the inorganic QDs, part of the
weak characteristic diffraction peaks can be observed compared
with the XRD patterns of the blank samples without Eu ion
doping (see Fig. S3t), which agrees with standard CdSe
JCPDS#77-2307 and CdS JCPDS#77-2306. This verifies the
formation of CdSe and CdS QDs and the contribution of Eu**
ions to the nucleation and crystalline growth of CdSe and CdS
QDs in the glass matrix. By continuously increasing the mole
concentrations of Eu®*' ions to 0.8%, some of the characteristic
diffraction peaks of the samples disappeared, and some new
diffraction peaks appeared in the XRD patterns, indicating that
the ordered crystal structure of the CdSe/CdS QDs may be
destroyed by incorporating Eu ions. Except for CdSe and CdS,
no characteristic diffraction peak of ZnSe of ZnSeS can be
observed, implying that the element of Zn does not participate
in the crystallization of the QDs in glass. This may be attributed
to the short synthesis time of the QD glass. Notably, although
the TEM images and XRD patterns showed the existence of CdSe
and CdS QDs in glass, the structure of CdSe/CdS:Eu’* QD could
not be confirmed.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) and (b) TEM and HR-TEM images; (c) XRD patterns of the CdSe/CdS:Eu*" QDs with different Eu®" concentrations of Eu®* doping.

XPS comparative analyses of the inorganic CdSe/CdS:Eu®*
QDs are carried out to further confirm the incorporation of Eu**
ions. Fig. 2a illustrates a full-scan spectrum for all elements in
CdSe/CdS:Eu* QDs. The characteristic peaks of the main
elements of Cd and Se can be clearly found, but the peaks of Eu
and S are too weak to be discovered because of the low levels of
these two elements in the QDs. Fig. 2b-e shows high-resolution
XPS narrow-sweep spectra for the elements of Eu 3d, Cd 3d, Se
3d, and S 5p. The characteristic peaks at 1163 eV and 1134 eV
binding energies, which were assigned to Eu 3d;/, and Eu 3d5,,
further verified the fact that Eu®" was successfully introduced
into QDs. Cd 3d revealed two peaks with banding energies of
412 eV and 405.4 eV, which correspond to Cd 3d;/, and Cd 3d5,.
In addition, the single peak at 63.2 eV binding energy originated
from Se 3d, and the peak at 168.7 eV was assigned to S 2p.
Comparing the XPS peak intensity and location of all the QD
elements, the binding energies of all the QD element XPS
spectra exhibited small variations, whereas the intensity of the
Eu 3d peaks increased along with the Eu®" ion concentration

© 2023 The Author(s). Published by the Royal Society of Chemistry

from 0.08% to 0.8%. The results confirmed the fact that Eu®*
ions entered the lattice of CdSe/CdS QDs and generated
enhanced Eu-Cd-Se and Eu-Cd-S bonds with the increase of
Eu*" doping.

The PL excitation and emission spectra of the CdSe/CdS:Eu**
inorganic QDs incorporated with different concentrations of
Eu®" ions are shown in Fig. 3a and b to explore their optical
properties. In compassion with the excitation spectrum of the
blank sample (Fig. S4at), sharper excitation peaks that origi-
nated from Eu®" ions emerged from 350 to 550 nm in the
excitation spectra of CdSe/CdS:Eu®" inorganic QDs. The highest
excitation peaks at 393 nm and 465 nm implied that the CdSe/
CdS:Eu®" QDs could be best excited by both UV and visible light,
especially blue light. The emission band under the excitation of
465 nm comprises a continuous broad band from 575 nm to
675 nm with multiple emission peaks at 580, 592, 612, and
656 nm, thereby verifying that the CdSe/CdS:Eu** QDs could be
excited by blue light to emit red luminescence. Specifically,
except for the peak of 580 nm belonging to the yellow emission

Nanoscale Adv., 2023, 5,1397-1404 | 1399
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Fig.2 (a) XPS survey spectra of CdSe/CdS:Eu®" QDs with different Eu®" concentrations. (b)—(e) The high-resolution XPS analysis corresponds to

Eu 3d, Cd 3d, Se 3d, and S 2p, separately.
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Fig. 3

(a) and (b) Excitation and emission spectra; (c) and (d) optical photos and CIE-1931 chromaticity coordinate diagram of the QDs under

excitation of blue light with a wavelength of 465 nm, the corresponding optical parameters including CIE chromaticity coordinate diagram
values, QY and color purity were inserted; (e) fluorescence decay curve.
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of CdSe/CdS (see Fig. S4b¥), all the residual peaks at 592, 612,
and 656 nm originated from the electronic energy level transi-
tion of *Dy-"F;, °Dy-'F,, and *Dy—"F; from Eu*'.?° With the
variation in Eu®' ion concentrations from 0.08% to 0.8% mol,
except for the enhancement of PL spectra intensity, the FWHM
of the PL spectra, the position of the excitation, and emission
peak have no variation, thereby indicating the luminescence
color stability of the CdSe/CdS:Eu®" inorganic QDs. The optical
images and CIE chromaticity coordinate diagrams of the CdSe/
CdS:Eu®" inorganic QDs doped with various Eu®" concentra-
tions under the excitation of 465 nm in a dark environment
were also presented in Fig. 3c and d to certify the enhanced red
luminescence, high transparency and color stability of the
CdSe/CdS:Eu** QDs. From the PL emission spectra and optical
images, it can be concluded that the increasing Eu®** concen-
tration in the range of 0.08-0.8% contributes to improving the
red emission of the inorganic CdSe/CdS:Eu®*" QDs. Moreover,
the detailed CIE chromaticity coordinate values and QY, and
color purity of the QDs samples, are inserted in Fig. 3d. All
inorganic QD samples showed more than 99% color purity, and
the QY also increased rapidly from 7.4% to 53.5% when the Eu**
concentration increased to 0.8%, thereby suggesting the great
potential of the CdSe/CdS:Eu®" inorganic QDs as color
converters for wLED. Additionally, the PL emission spectra,
optical photos, quantum yield (QY), and CIE chromaticity
coordinates at 30 days and 60 days supplied in Fig. S7 and Table
S17 certified the long-term optical stability of the inorganic
CdSe/CdS:Eu’" QDs.

Fig. 3e presents the fluorescence lifetime decay curve of the
CdSe/CdS:Eu’* QDs. In detail, the fluorescence lifetime decay
curves agree with the following double exponential equations
via Gaussian fitting:*°

I=A, exp (j) + A, exp (j) + R, (1)
T1 T2

Ay = til(t) + 12), (2)

A = 1l(1) + 1), 3)

where I represents the integral area of the PL emission spec-
trum, ¢ is the time, A; and A, are the fitting constants, 7; and 7,
are the fast and slow decay lifetimes, respectively, and R is the
correction coefficient. The average fluorescence lifetime of
CdSe/CdS:Eu®" QDs can be calculated using the following
formula:

T = (A1T12 + Az‘[zz)/(Al‘Cl + Azfz). (4)

Compared with the CdSe/CdS QDs,*" the fluorescence life-
time of the CdSe/CdS:Eu®" inorganic QDs was prolonged
significantly from nanosecond to millisecond level. Moreover,
the increased Eu®*" concentration in the range of 0.08-0.5%
contributes to prolonging the fluorescence lifetime of the QD
samples from 5.91 ms to 8.05 ms, accompanied by the increase
in PLQY. This suggests that the doped Eu®" ions entered the
lattice of CdSe/CdS QDs and improved the interface defects

© 2023 The Author(s). Published by the Royal Society of Chemistry
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between the QDs and glass matrix, and this contributed to
eliminating the non-radiative transition paths to increase the
fluorescence lifetime of inorganic QDs. However, by continu-
ously increasing Eu®" concentration to 0.8%, the fluorescence
lifetime decreased to 7.83 ms owing to the concentration
quenching effect.*” The unified double exponential behavior of
the fluorescence lifetime decay curve suggested that the inor-
ganic CdSe/CdS QDs matrix provided a homogenous electronic
transition environment for Eu*" ions and certified that Eu®*
ions were incorporated into the CdSe/CdS QDs lattice.

To explore the reason for the contribution of Eu** ions to the
enhanced red emission of CdSe/CdS QDs, the absorption
spectra of the CdSe/CdS:Eu®" QDs are illustrated in Fig. 4. The
absorption spectra of the CdSe/CdS:Eu®" QDs displayed strong
absorption from UV to visible light in the range of 350-550 nm
with characteristic absorption peaks at 393, 465, 526 and
532 nm, which agrees with the excitation spectra. Except for the
absorption peak of 393 nm belonging to CdSe/CdS, the residual
characteristic absorption peaks must be assigned to the
absorption of Eu**, demonstrating that some kinds of energy
upconversion may happen from CdSe/CdsS to Eu®", which leads
to an improvement in red emission. Furthermore, in compar-
ison with the PL emission and absorption spectra of CdSe/
CdS:Eu’* QDs, no overlap area can be observed, indicating that
there is no energy re-absorption in the CdSe/CdS:Eu®* QD
system, which avoided lots of energy loss. This is another reason
for the enhanced red emission of CdSe/CdS:Eu®" QDs.

Consequently, a possible luminescence mechanism of the
inorganic CdSe/CdS:Eu®" QDs is depicted in Fig. 4f. The free
electrons in the valence band jump to the conduction band
under the excitation of a blue light source and then return to the
valence band immediately and combine with the electron hole
to release the luminescence of CdSe/CdS QDs with a wavelength
of 580 nm. Additionally, a luminescence energy transfer
occurred from CdSe/CdS QDs to the incorporated Eu®* ions,
where the free electrons of Eu®" ions could be stimulated to
jump to an energy level of °D, from “F,. Notably, the excited
state electrons of Eu** show a special energy up-conversion
process, which can jump to higher energy levels of °Dy, °D,,
and °D;, and then release enhanced red luminescence with
wavelengths of 595, 612, and 656 nm when returning from the
states of 'F;, 'F, and "F;, corresponding to its electronic energy
level transitions of *Dy-"F;, *Do~"F,, and *D,-"F;, respectively.

To further investigate the application feasibility of the
prepared red emitting all-inorganic CdSe/CdS:Eu®* QDs in
WwLED, the EL spectra of the wLED devices were measured by
coupling the InGaN blue LED chip (EL spectra were supplied in
Fig. S5af) with G2762 green phosphors (PL spectra were
supplied in Fig. S5bf) and CdSe/CdS:Eu®* inorganic QDs
(Fig. 5). To construct the wLED, the CdSe/CdS:Eu®" inorganic
QDs are pulverized into glass powders and combined with
Intematix G2762 green phosphors to create a composite glass
plate with a thickness of 0.25 mm. Subsequently, the composite
glass plate is mounted on the InGaN blue LED chip under an
operating current of 20 mA. Based on the QY and optical
performance of the CdSe/CdS:Eu’" QDs, two kinds of wLEDs
were fabricated by selecting CdSe/CdS:0.5%Eu®" and CdSe/

Nanoscale Adv., 2023, 5, 1397-1404 | 1401
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energy transfer mechanism.

CdS:0.8%Eu’®" QDs as color converters. As depicted in Fig. 5a
and b, stable blue/green/red emissions can be detected in the
EL spectra. Pure white light and warm white light were
produced by yielding white light with tunable CCT (5333 K and
5217 K), CRI (92.1 and 89.5), and LE (88.3 and 91.1 Im W™ %)
(Fig. 5¢ and insets of Fig. 5a and b). Obviously, the warm white
light of the wLED originated from the increasing red compo-
nent of the EL spectra. Furthermore, the increase in Eu®** ions
doped into inorganic CdSe/CdS QDs contributes to improved
LE, which is comparable to those devices based on inorganic

a C 09
£l 0.8
8
-‘E‘ CCT 5333K
g CRI 92. 1
E LE =88.3 Im W
—
=

550 600
Wavelength(nm)

O

CCT 5217K
CRI 89. 5
LE=91.11mjW

EL intensity(a.u.)

450

500 550 600 650 700

halide perovskite CsPbI,/P-Y,O; (61 Im W ),* colloidal
CsPbBr,1,-TS-1 QDs and YAG:Ce®* phosphor (95 Im W 1),* Gd-
doped CsPbBrI, nanocrystals (90.09 Im W™ '),** and CaAISiNj:-
Eu®" phosphors glass (90.3 Im W™')* reported in the literature.
Furthermore, the high LE value is not based on the sacrifice of
the color rendering index, which is quite different from those of
previously reported studies, where the increase in CRI decreases
LE.*”*® This may be attributed to the luminescence energy
transfer of CdSe/CdS-Eu®" and the high transmittance of the
inorganic CdSe/CdS:Eu** QDs.*** The overlap area between the

wLED (1)
x=0.3407
y=0.3412

WLED (2)
x=0.3535
y=0.3391

Wavelength(nm)

Fig. 5
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(a) and (b) EL spectra of the self-assembled wLED devices by coupling GaN blue chip with G2762 green phosphors and the prepared

inorganic CdSe/CdS:0.5%Eu®* QDs and CdSe/CdS:0.8%Eu®* QDs; (c) CIE-1931 chromaticity coordinate diagram of the as-prepared LED device;
inset: the corresponding optical images of the wLED devices driven by a 20 mA operation current.
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excitation spectrum of the green phosphor and the PL emission
spectrum of the CdSe/CdS:Eu®" QDs in Fig. S5b-df indicated
that the luminescence of green phosphor could be absorbed by
the inorganic QDs to reduce energy loss, and this is also another
reason for the excellent LE performance of the wLED device. In
comparison with the National Television Standards Committee
(NTSC) color gamut (black line in Fig. 5¢), 91% of the NTSC
color gamut (white line) could be obtained by calculating the
CIE-1931 area that comprises the chromaticity coordinate of the
blue InGaN LED chip, G2762 green phosphor, and red inorganic
CdSe/CdS:0.5%Eu*" QDs, thereby demonstrating the excellent
color reproduction of the inorganic CdSe/CdS:Eu** QDs and
great potential in wLED and other optical display devices.

Conclusion

Herein, we successfully fabricated a complete inorganic red
emitting QD CdSe/CdS:Eu’®* with high transmittance and effi-
cient quantum efficiency, as well as long-term stable optical
performance, by incorporating Eu®*" ions into silicate glass-
based CdSe/CdS QDs using a facile one-step melt quenching
method. Enhanced red luminescence could be observed by
increasing Eu®* concentration under the excitation of 465 nm,
and up to 53.5% of quantum yield was achieved when Eu®*" mole
concentration increased to 0.8%. The improvement in the red
luminescence was attributed to the energy transfer of CdSe/CdS-
Eu’" and energy up-conversion of Eu®* in the electronic energy
level transitions of 5Dy-7F;, 5Dy—7F,, and 5D,-7F;. A warm
white light (CCT = 5217 K) with 89.5 of CRI and 91.1 Im W of
LE was obtained by mounting the as-prepared CdSe/CdS:0.8%
Eu®" inorganic QDs and commercial Intematix G2762 green
phosphor on the InGaN blue LED chip, which is comparable to
those of phosphor- and CQD-based wLEDs. Furthermore, 91%
of the NTSC color gamut was obtained, demonstrating the
excellent color reproduction of the inorganic CdSe/CdS:Eu®*
inorganic QDs and great potential as color converters for wLED
and LED displays.
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