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ABSTRACT: White light-emitting diodes (WLEDs) based on phosphor afé010— =
quantum dots (QDs) have attracted worldwide attention. Phosphor and QDs | |~ o = S
with di erent physical characteristics are distributed unevenly in a poly@#esr | —10 f\ e
matrix, resulting in the spectrum changes of the phosphor-QD-based ®LED$ §g ; R #' .
(PQ-WLEDSs). Aiming for a similar distribution of QDs and phosphor i& th@®oer | 40| | , A &
matrix, we proposed the phosphorf&)D (PSQ) composite particles iz 50| | /\ e
which negatively charged QDs are electrostatically adsorbed on the s§rfemespf 5| | PSQ
phosphor particles decorated with positively charge@®®SQ composites —s0l |

particles retained a high quantum vyield of 77.6%. PSQ-WLEDs with vasigel 5

standing times of the uncured PSQ-added silicone showed stable spectra Vﬂh PSQ-WLED

stable optical parameters. For comparison, the spectra of PQ-WLEDS yyt i = i = o

untreated phosphor and QDs obviously changed with the standing time.
Specically, the LE, CCT, and CRI of PSQ-WLEDs using Dow corning OE
180 silicone only changed by 1.7, 3.3, and 3.9%, respectively, aftercidohgtanding time; however, the LE, CCT, and CRI of
PQ-WLEDs using the same silicone changed by 9, 5.4, and 10%, respectively. This optical instability in PQ-WLEDs resulted frc
the di erence between the distribution of phosphor and QDs in the mixed silicone matrix after standing. However, the distributior
of phosphor and QDs in PSQ-WLEDs was always the same with each other due to the composite structure. Applying the PS
composite particles in WLEDs, we can easily attain highly optical consistent phosphor-QD-based WLEDs anccigmtvide an e
control of product quality.

KEYWORDS:composites, quantum dots, phosphor, light-emitting diodes, sedimentation, optical consistency
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1. INTRODUCTION Many researchers have studied tleete of changeable

Common white light-emitting diodes (WLEDS) containingdiStribUtiO” of phosphor in silicone on the spectra qu optical
blue light-emitting chips and yellow light-emitting phosphoParameters of phosphor-converted WEEDsAvoiding

have high luminous eiencies (LEs) but low color rendering phosphor sinking is a direct way to maintain the stable
indexes (CRIs) because of the lack of red“fightiantum distribution of phosphor. Researchers have provided some
dots (QDs) as luminescent nano-semiconductor materials havethods to evenly distribute phosphor in silicone of WLEDs,
shown excellent advantages in wavelength turnability and calgeh as the modid phosphor with vinylsilane coupling
rendering capability in the application of WLEDA agent® phosphor/silicone particlésand phosphor/glags’*
phosphor and QDs-converted WLED (PQ-WLED) canygyever, these methods are unsuitable for the phosphor and

achieve high LE and CRI, simultaneduSlyDuring the . ) ;
packaging of PQ-WLEDs, QDs and phosphor are uniform%Ds—added_ WLEDs for the following reasons: the high
mixed in a polymer such as silicone with a certain viscosity a 3nufactur|ng temperature of phospho_r_/glass will therr_nally
behave derently: phosphor with a diameter of severaduench the QDs, and the phosphor/silicone and ewbdi
microns undergoes sinking in the viscous siticGniuyt
the nanometer-sized QDs stay in suspension. After severaFeived: November 5, 2020
minutes, phosphor is distributed in a gradient concentration ficepted: November 23, 2020
silicone but QDs are still distributed uniformly. Therelnt ~ Published: December 2, 2020
distributions of phosphor and QDs change their light-emitting

intensity because phosphor situated at the bottom gets more

exciting blue light than the QBs*®
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phosphor just slow down the sinking of phosphor instead 6fdS core/shell QDs with oleic acid ligands and a peak wavelength of
avoiding. 630 nm) in 3 mL of chloroform were mixed and stirred for 10 min;

We proposed a new idea to maintain the distribution of QDY!IS mixture was extracted by 5 mL of deionized water and

similar to that of phosphor in silicone of WLEDs by producinﬁftrg?gggg:l?zeege\?vzrgfd_rﬁggfiF;ittsgOr\:va";asthgisgle;;ergsitgﬂi

the phosphor/S@Q_D (PSQ) composne_ partlcles._ Th_e PSQ combination: 1 mL of the carboxyl-anion-terminal @fution
composite synthesized by electrostatic adsorption is a Wh@lghtaining 2 mg of QDs) was added dropwise in 10 mL of stirred
new app_roa(_:h to aVO'q uneven d'S_t”bUt'On of phosph_or ar¥hino-ion-terminal PSolution (containing 1 g of phosphor). The
QDs, which is responsible for theeggnt spectra and optical nal orange precipitate, the PSQ composite particles, was dried for 12
characteristics of WLEDs. The PSQ particles will sink as theat 50°C. In the lower left dfigure &, the prepared PSQ particles
pure phosphor does, and the QDs will have the sarig Bottle 3 can entirely sink like pure phosphor (P) in Bottle 1, and
distribution with phosphor to catch the same blue light irfhe QDs evenly suspend in chloroform in Bottle 2. _

di erent sinking conditions. Phosphor is much harder to be Figure b illustrates the process of PSQ-WLED packaging and
positively charged by a reaction with amino-terminal siIicaﬁ}@iﬁglE%aﬁgzgexzrghgowgsyV%R'rf’%(fza'éfwfa’ e'wfr;gtgng“_ggggj}
than SiQ. Therefore, SiOwas generated on the surface of :

. i . . N silicone resin. Two kinds of silicone resins withradit viscosities
phosphor, following a facile amino-meation, which  \ere used (Dow corning OE 184 with a viscosity of 3500 cP, Dow

positively charged the Gifbated phosphor. Then, the corning OE 6550 with a viscosity of 4700 cP). The spectra of PSQ-
electropositive phosphor/Si@PS) combined with the  WLED with uncured silicone mixture were tested after standing for 0,
electronegative carboxyl-terminal Qpure & shows the 10, 15, 30, and 60 min at room temperature 86€2Fhe applied
schematic of the PSQ composite particles.spl@res are  Dow corning OE silicone needs at least 12 h to cure thoroughly at
located on the surface of phosphor and QDs on the surfacefG%m tﬁmpert{:lt!:re. Ma'dn, Olit'ca| pafameﬁefsi, tS'UdCV} as Ct(liT’ Lk')Et’ ,CRC';
the comnosite phosphor/Si(PS). and chromaticity coordinates, were calculated from the obtaine
P P P 2I®S) spectra. After the optical test, the composite silicone of the PSQ-
WLED was cured at 8C for 1 h. For comparison, a PQ-WLED

(a) o o AN added with pure phosphor and QDs was packaged and tested. For a
> 1 D fair comparison of luminousaency, CCT and CRI of PQ-WLED
Step1 o Step2 TN % &5 were adjusted to be similar to those of PSQ-WLED.
Q TEOS PP APTHS P e g Scanning electron microscopy (SEM) images were measured by an
PS ‘ps* Step 4 ?{r% FEI Nova NanoSEM 450. Transmission electron microscopy (TEM)
- < images were measured by a Tecnai G2 F30 transmission electron
Step 3 PSQ microscope. Fourier transform infrared spectroscopy (FTIR) images
@ YR ‘_,; were measured by a Thermo Nicolet iS50. Surface charges of QD
QDs ——* “ap and PS particles were measured using a Zeta-Potential Analyzer
(Brookhaven BI-200SM). The cross-sectional pictures of PSQ
() (phosphor and QDs)-added silicofias were taken by a photon
Po Slicond Seeghpmetar microscope. The photoluminescence (PL) spectra and absolute PL
Heating Box guantum yields were measured by a Hamamatsu Quantaurus-QY at
D - 2 - N an excitation wavelength of 450 nm from a xenon lamp. Time-
% .J - J = 3 J - 1 resolved PL (TRPL) spectra were measured by an FLS 980 Series of
\‘ > \! > S ) y Fluorescence Spectrometer at a pulse excitation wavelength of 450
el 3PC nm. The spectra of the PQ-WLED and the PSQ-WLED were tested
LERmadel PSQ-WLED, Testingasistanding.for “Thermal Curing by an Evemne ATA-1000 Integrating Sphere at 100 mA of current.
0, 10, 15, 30, and 60 min
I 1 111 v

_ _ 3. RESULTS AND DISCUSSION
Figure 1.Schematic of (a) the manufacture of the PSQ composneI 3.1. Morphology. Figure 2shows a series of SEM and

ticl d (b f PSQ-WLED kagi d opti . ) .
ﬂ;gfﬁerﬁgﬂt.( ) process of PSQ packaging and oPicem images to visually observe the materials and products
during the preparation of PSQ. The sphere-like phosphor (P)
in Figure a,b has a diameter of about b and a smooth
surface. lirigure 2,d, the PS particles were coated with many
2. EX_PERIMENTAL SEC_TION o small SiQ particles. The nanoscale QDs with a uniform size
According to the manufacturing process showigime &, we  gre shown ifFigure 2,f. The Si@particles and synthesized

prepared the PSQ composite particles in four stepssisep was ; P ;
to generate the Sj@oated phosphor (PS) by hydrolyzing SIG/QDs (SQ) are shown irFigure g,h, respectively,

o : i he electrostatic adsorption between the amino-
tetraethylorthosilicate (TEOS) via a sel method? 1 g of proving - the ! .
phosphor (the yellow-greenish YAG:Ce phosphor with a peatl@rm'nal S'Q and (?arboxyl—termlnal QDS' A S|n.gle. PSQ
wavelength of 550 nm), 20 mL of ethanol, 5 mL of deionizedarticle and its partially enlarged details are shdviguire
water, and 1 mL of TEOS were mixed. Then, 1 mL of ammoniurdi K, respectively. In the PSQ particle, adticles were
hydroxide was added dropwise into the mixture and stirred for 30 m@doated on the surface of phosphor and QDs on the surfaces of
at 60°C; the attained PS precipitation was washed twice by ethan®iO, and phosphor.
The second and third steps followed a previously described“thethod. Figure @,b shows the FTIR spectra of the above-mentioned
The second step was to modify the PS with amino ions from 3y aterials and products. Figure @, due to the wide
aminopropyl trimethoxysilane (APTMS): a mixture of 1 g ofypqqrhance wavenumber range of phosphor, its FTIR spectra

phosphor/SiQ 20 mL of ethanol, and 5 mL of APTMS were stirred -
for 7 h at 25C; the generated P@recipitation was washed twice by show a fakinegativepeak around 1000 ctrof wavenumber.

ethanol and kept in 10 mL of deionized water. The third step was th€ réal positive absorbance peak of the Bond appeared
modify the QDs with carboxyl anions from 3-mercaptopropioni@t 1115 cm' (point A) in the FTIR spectra of (PS) phosphor/
(MPA): 2 mL of MPA, 6 mL of sodium hydroxide solution (1 g of Si0, due to the coating of SiOThe PS(PS/APTMS) had a
NaOH in 10 mL of water), and 10 mg of QDs (red-emissive CdSeiweak absorption peak at 2939cfpoint B, the C H bond
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Figure 2.SEM images of (a, b) phosphor, (c, d) PS, and (i, j, k) PSQ. TEM images of (e, f) QDs, &)dSiQ SQ.

in Figure 4,b, respectively. All of thes were cured at 8C
for 1 h after 0 or 60 min of standing at room temperature of 25

Figure 3.(a) FTIR spectra of phosphor (P), §i€S, APTMS, PS
and PSQ; (b) FTIR spectra of QDs, MPA, and ;QbD) charge
potential of PS and (d) charge potential of QD

Figure 4.Microscopic photos of the cross sections of (a) PSQ-

. . . silicone Ims and (b) P + Q-silicondms after 0 and 60 min of
in CHy) from the reaction with a small amount of APTMS. sianding times, respectively.

The absorbance spectrum of PSQ hardly shows a peak of QDs
due to the very little coating of QDs. Higure B, the
absorbance spectrum of QDs shows some obvious peaks fR@nPSQ and P obviously sank in silictme after 60 min of
the oleic acid ligand, such as the peaks at 344@eO H standing. However, the upper layer of the PSQ-silicone
bond) and 1575 cm (the C O bond). The absorbance under ultraviolet light was blank signifying the absence of
spectrum of the QD(QDs/MPA) was not only similar to that luminescent particles here, which waratit from the still
of the MPA but also had a same peak (thé Bond in CH) light-emitting upper layer of the P + Q-silicdrme QDs in
with QDs at 2921 crh (point C) and another same peak (the PSQ-siliconelms moved with phosphor and shared the same
S H bond) with MPA at 2552 crh(point D). The existence  distribution of phosphor due to their combination, but QDs in
of the above bonds proved the accuracy of the products duriRg+ Q-siliconelms were always suspended leading the upper
the synthesis process of PSQ displayedure a. As shown layer with only QDs after the sinking of phosphor and the
in Figure 8,d, zeta-potential test results show that the chargi erent distributions between QDs and phosphor.
potentials of PSand QD were +2.98 and 12 mV, 3.2. E ects of Modi cations and Optical Performance
respectively. The opposite charge potentials of edodi of PSQ. Photoluminescence (PL) spectra of pure and
phosphor and QDs strongly coned the fabrication principle modi ed phosphor and QDs are showrrigure a. As for
of PSQ by electric absorption. phosphor, the PL spectra of pure phosphor, PS, angreS

The cross sections of PSQ-added silicdms and almost the same and their quantum yields (QYs) were 0.977,
phosphor and QD (P + Q)-added silicomms are shown 0.991, and 0.996, respectively. Coating and modifying hardly
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Figure 5(a) PL spectra of the pure and mediphosphor and QDs; (b) TRPL spectra of positively charged phosphor and phosphor in PSQ); (c)
TRPL spectra of negatively charged QDs and QDs in PSQ); (d) absorbance and emission spectra of PSQ, phosphor, and QDs; (e) normaliz
spectra of PQ-WLED and PSQ-WLED; and (f) spectra of PSQ-WLED arn¢ntetolored PSQ.

Figure 6.Spectra of (a) PSQ-WLED and (b) PQ-WLED aftardnt standing times; variations of LE, CCT, and CRI of (c) PSQ-WLED and
(d) PQ-WLED; and (e) comparison of their CIE coordinates.

a ected the optical transfer ability of phosphor because of thiee PL lifetimes of YAG phosphor and CdSe/CdS QDs in PSQ
negligible small coverage rate of, fadticles. As for QDs, were several microseconds and nanoseconds, respectively.
compared with pure QDs with a QY of 0.596, the PL spectra &hosphor in PSQ (12.7%) had a shorter PL lifetime than
QD and SQ slightly shifted to red, and their QYs reduced tthat of P (13.07 s) by 2%, but QDs in PSQ (21.23 ns) had a
0.569 by 4.5% and 0.562 by 5.7%, respectively. The surfamgch longer PL lifetime than that of Q5.06 ns) by 41%.
defects resulting from the ligand exchange during the MPPhe PL lifetime changes of phosphor and QDs in PSQ were
modi cation of QDs and the light optical absorption of SiO caused by theuorescence resonance energy transfer from
would reduce the QY of moei QDs. phosphor to the attached Q19>

Fluorescence decay curves of phosphor (QDs) in both P Absorbance and emission spectra of PSQ composite
(QD ) and PSQ are shownhigure B,c. These decay curves particles, phosphor, and QDs are showfigare 8. The
were well tted with an exponential functitft) = Ae Y, absorbance spectrum of QDs had a wide range of absorption
wheréd(t) is the PL intensity at tinteand is the PL lifetime.  wavelength, dérent from the obvious absorbance peak of
It has been noted that theiorescence decay of PSQ wasphosphor at 445 nm. The absorbance spectrum of PSQ was
measured at both microsecond and nanosecond levels becaisdar to that of phosphor with an absorption peak. There
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were two peak wavelengths in the emission spectra of PSQP&Q-WLED with the same silicone after standing, as shown in
550 and 630 nm, inheriting from phosphor and QDsFigure Sl1lin a word, PSQ-WLED with PSQ composite
respectively. In addition, the QY of PSQ was 77.6% undpatrticles displayed a much more stable optical performance
an exciting wavelength of 450 nm. than PQ-WLED with pure phosphor and QDs.

Normalization spectra of the PSQ-WLED and PQ-WLED The sinking of luminescent particlesiémces the optical
are compared fRgure 8. As mentioned before, both kinds of performances of PQ-WLED and PSQ-WLED érefit ways,
WLEDs possessed similar CCT and CRT for a fair comparis@s shown irrigure 7 As for PQ-WLED, on the one hand,
of LE. The CCT, CRI, and LE of PSQ-WLED were 5115 K;
86.8, and 72.86 Im/W, respectively, and those of PQ-WLED
were 5145 K, 87.4, and 78.91 Im/W, respectively. The LE of
PSQ-WLED was 7.6% less than that of PQ-WLED due to
several reasons for light loss, such as the slight reduction of the
QY of QDs after modiation and theuorescence resonance
energy transfer from phosphor to the attached QDs, which was
proved above by the PL lifetime changes of phosphor and QDs
in PSQ.

The color of PSQ particles was adjustable by changing the
mass ratios of QDs in PSQ. As shovdminre § PSQ of four
mass ratios (1.0, 1.5, 2.0, an#d).®as synthesized, and their
colors gradually turned from yellow to orange with the increase
of QDs. The intensities of red-emitting light in the spectra of
PSQ-WLED were also enhanced with larger mass ratios of
QDs in PSQ. This color turnability of PSQ can be applied to
package PSQ-WLED of varied CCT or CIR.

3.3. Optical Stability of PSQ-WLEDsFigure & shows
the stable spectra of the PSQ-WLED after standing for sevetgfyre 7 Schematic of the optical performance of (a) the PQ silicone
minutes. However, the spectra of the PQ-WLED changed witlins and (b) the PSQ-siliconins in the initial and after standing.
the standing time of phosphor and QDs-mixed silicone, yellow
light enhanced while blue light and red light reduced, as shown ) .
in Figure B. Variations in LE, CCT, and CRI of PSQ-WLED phosphor.gathered in th.e lower part of the S|I|d(mécl_ose
were obviously smaller than those of PQ-WLED. Afteto the chip) after stam_jm_g anld caught more quelllght than
standing for 80 min, as shownFigure 6, LE of PSQ- QDs, so '_[hat the emission intensity of yellow light from
WLED increased only by 1.7%, and its CCT and CRI reducd}’0Sphor increased; on the other hand, QDs caught less blue
by 3.3 and 3.9%, respectively; but, as shévgune @, LE of light but more yellow I|_ght due to _the vv_|de absorption
PQ-WLED increased obviously by 9%, and its CCT and cppectrum from the ultraviolet to the VISI.b|e light. _The Io_nger
reduced sharply by 5.4 and 10%, respectively. In additidh® PQ-WLED was left standing, the higher the intensity of

; ; €llow-emitting light from phosphor and the lower the
F - . - .
m‘g\lj;% g;:v?ﬂfot;a:t éhg 4g|§néofgéglgéi§g ghg;;sfjl%dWLE[lyntensny of red-emitting light from QDs. As for PSQ-WLED,

= 0.394 with increasing the standing time from O to 80 mil;h’lhough the PSQ composite particles also sank and gathered in

but the CIE coordinates of the PQ-WLED moved sharply frod|€ lower part of the silicone layer, phosphor and QDs always
x = 0.340 ang = 0.379 tox = 0.352 ang = 0.418. From the caught the blue light at the same time because their distances

om chips were always the same no matter how the PSQ was
istributed. Therefore, the essence of achieving optical stability
PSQ-WLEDs with dirent standing times was in the

ilar distribution of phosphor and QDs due to their
connection.

view of e ciency, the PSQ-WLED spent less time to achiev
the stability of spectra. Slight changes in the optic
characteristics of the PSQ-WLED were acceptable. It h ¥n
been noted that the viscosity of silicorexta the sinking
speed of phosphor in mixed silicone. WLEBg)inme Gused

the Dow corning OE 180 with a viscosity of 3500 cP. Anothef coONCLUSIONS
ooty G 470 ) s e v pacage pacw €, et bt phosrr and o i

- o in the silicone matrix led to spectrum changes in the
and PQ-WLED. The optical parameter variations are shown S n .
Table 1 Even though larger viscosity of silicone can slow domﬁposphor—QD-based WLEDs. Therefore, we provided PSQ

the sinking of phosphor. the spectra of PO-WLED with DOVg;omposite particles to enable the even distribution of phosphor

X o . d QDs in the silicone matrix. The synthesized PSQ
corning OE 6550 silicone still changed much more than that ﬂssessed a high QY of 77.6%. Besides, the emitting spectrum

of the PSQ particles was alterable by controlling the mass
ratios of ingredients. A PSQ-WLED with PSQ and a PQ-
WLED with pure phosphor and QDs were fabricated and
tested. The PSQ-WLED showed more stable spectra and

Table 1. Optical Parameter Changes in PSQ-WLED and
PQ-WLED with Di erent Silicone Films

llleel WLED  LE(%) CCT (%) CRI(%)  nhigher optical consistency after varied standing times than
Dow corning OE 180 PSQ 17 3.3 3.9 those of the PQ-WLED. For example, the LE, CCT, and CRI
PQ 9 5.4 10 of PSQ-WLED using Dow corning OE 180 silicone changed
Dow corning OE 6550 PSQ 5.8 0.1 0.3 only by 1.7, 3.3, and 3.9%, respectively, after a larignsu
PQ 14.2 11.8 5.7 standing time; however, the LE, CCT, and CRI of PQ-WLED
12398 https://dx.doi.org/10.1021/acsanm.0c02947
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