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Reduced Working Temperature
of Quantum Dots-Light-Emitting
Diodes Optimized by Quantum

Dots at Silica-on-Chip Structure

White light-emitting diodes (WLEDs) composed of blue LED chip, yellow phosphor, and
red quantum dots (QDs) are considered as a potential alternative for next-generation
artificial light source with their high luminous efficiency (LE) and color-rendering index
(CRI) while QDs’ poor temperature stability and the incompatibility of QDslsilicone
severely hinder the wide utilization of QDs-WLEDs. To relieve this, here we proposed a
separated QDs@silica nanoparticles (QSNs)/phosphor structure, which composed of a
OSNs-on-chip layer with a yellow phosphor layer above. A silica shell was coated onto
the QDs surface to solve the compatibility problem between QDs and silicone. With
CRI > 92 and R9 > 90, the newly proposed QSNs-based WLEDs present 16.7% higher
LE and lower QDs working temperature over conventional mixed type WLEDs. The
reduction of QDs’ temperature can reach 11.5°C,21.3°C, and 30.3 °C at driving current
of 80 mA, 200 mA, and 300 mA, respectively. [DOI: 10.1115/1.4042981]
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1 Introduction

White light-emitting diodes (WLEDs) have been attracting
numerous interests due to their extraordinary characteristics over
conventional light sources such as high efficiency, low consump-
tion, environmental protection, and long lifetime [1-3]. The most
widely used phosphor-converted WLEDs (pc-WLEDs) are real-
ized by combining blue LED chip with yellow-emissive
Y5A150,5:Ce*" (YAG:Ce) phosphor. The pc-WLEDs can achieve
high luminous efficiency (LE), while their color-rendering index
(CRI) is relatively low (70) due to the lack of red spectral compo-
nents [4]. Adding red phosphor is an effective way to remedy the
defect of CRI. However, it is incapable of maintaining high LE
because the broad red emission partially lies outside the sensitive
region of human eyes [5,6].

Quantum dots (QDs), as down-conversion nanocrystals, have
attracted attention due to their unique optical properties such as
narrow emission spectrum, size-tunable emission wavelength, and
high quantum yields [7]. It has been proved that adding QDs into
pc-WLEDs can greatly improve CRI and color gamut, and QDs’
narrow emission allows for the potential of high LE [8,9], making
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QDs-WLEDs a potential alternative for next-generation artificial
light source [10]. However, there are two obstacles in the packag-
ing of QDs-WLED:s. One is that the hydrophobic organic ligands
on QDs’ surface damage the polymerization of silicone gel,
namely the catalyst poisoning effect [11]. Besides, the incompati-
bility of QDs’ surface with silicone gel will result in QDs agglom-
eration, consequently decreasing the photoluminescence (PL)
efficiency. Therefore, QDs cannot be directly mixed with
phosphor—silicone gel. Another is the poor temperature stability
of QDs, which makes QDs’ photoluminescence decrease sharply
with the increase of working temperature. Several solutions have
been proposed to solve the compatibility problem, such as QDs’
surface chemistry modification [12,13], incorporating QDs into
mesoporous microspheres [14], and coating silica barrier layer on
QDs’ surface [15,16], Although the compatibility between QDs-
silica-coated nanoparticles (QSNs) and phosphor silicone gel has
been proved to be dramatically improved, there are few literatures
referring to the reduction of QDs’ working temperature.
Therefore, in this work, a separated QSNs/phosphor structure,
which composed of a QSNs-on-chip layer with a yellow phosphor
layer above, was proposed to reduce the QDs working tempera-
ture. Figure 1 shows the schematic of QSNs-on-chip WLEDs
(type I) and conventional QSNs/phosphor mixed WLEDs (type
II). Red-emissive CdSe/ZnS core—shell QDs were synthesized,
and QSNs were prepared by a micro-emulsion reaction. For the
fabrication of QSNs-on-chip WLEDs packaging, QSNs were
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Fig. 1 Schematic of the (a) QSNs-on-chip and (b) mixed type
WLEDs. (a) QSNs-on-chip and (b) QSNs/phosphor mixed.

directly coated onto the LED chip; then, yellow-emissive
YAG:Ce phosphor silicone gel was coated. Both thermal simula-
tions and thermal infrared temperature measurements were con-
ducted to analyze the optical and thermal performances of this
newly proposed WLEDs packaging.

2 Experimental Setup

2.1 Preparation of Quantum Dots at Silica Nanoparticles.
Red-emissive CdSe/ZnS core/shell QDs were prepared by our pro-
posed Tri-n-octylphosphine (TOP)-assisted successive ionic layer
adsorption and reaction method [17]. This synthesis route enables
the high quantum yields of QDs at high coverage of the shell.

To coat the QDs with silica shells, a micro-emulsion reaction
was applied [18]. Figure 2 shows the schematic of silica coating
process. Briefly, 25 ml of cyclohexane as a solvent and 3 g of IGE-
PAL CO-520 (Sigma-Aldrich, Beijing, China) as a surfactant
were mixed at room temperature. 0.5mg of QDs dispersed in
0.5ml of toluene were introduced into the above mixture, and
then 0.5ml (9 mmol) of tetraethyl orthosilicate was added. The
reaction was initiated by adding 0.5 ml of ammonium at the rate
of 0.2ml/min and then it was allowed to proceed for 40 h. After
completion of the silica growth, the solution was precipitated by
adding methanol and was centrifuged to isolate the QSNs from
the microemulsion. The resultant QSNs were washed sequentially
with cyclohexane, n-hexane and finally dispersed in methanol.

2.2 Fabrication of White Light-Emitting Diodes. In the
fabrication of QSNs-on-chip WLEDs, QSNs methanol solution
was first dropped onto the InGaN LED chip (455nm), then the
module was placed on the hotplate at 70 °C for 10 min. After all
the methanol was evaporated, YAG:Ce phosphor (538 nm; Inte-
matix, Co., Fremont, CA) was mixed homogenously with silicone
gel (Dow Corning OE 6550, A:B = 1:1). Bubbles introduced dur-
ing the mixing process were removed by applying alternating
cycles of vacuum. Then the phosphor gel was coated onto the
LED module to cover the LED chip and QSNs. Finally, the phos-
phor gel was cured by an annealing step at 150 °C for 30 min.

P, op-1

P, op-2 P, op-3

Pe[ Pel
Fig. 3 Schematic showing the heat generation measuring
processes

As a comparison, the mixed-type WLEDs were also fabricated.
First, QSNs methanol solution was mixed homogenously with
phosphor silicone gel. Then the methanol solvent was removed by
applying 60°C heating and vacuum alternately. After all the
methanol was evaporated, the resultant was coated onto the LED
chip, followed by an annealing step at 150 °C for 30 min. For con-
venience, the QSNs-on-chip WLEDs were labeled as type I, and
those of mixed type were labeled as type II.

2.3 Measurement of Heat Generation. Figure 3 shows the
schematic of the heat power measuring process. First, the optical
power of two types of WLEDs were measured by an integrating
sphere (ATA-1000; Everfine, Corp., Hangzhou, China), and then
the heat power of LED chip (Qcpip), QSNs (Qqsns), phosphor sili-
cone gel (Qphosphor)> and QSNs/phosphor—silicone gel (Qqsns/phos-
phor) Were calculated according to the optical losses of the
corresponding layer [19]

Ochip = Pet — Popref ()
OqsNs = Popret — Pop—1 )
Ophosphor = Pop—1 — Pop—2 3)
OqsNs/phosphor = Pel — Pop—3 4)

Fig.2 Schematic of the silica coating process
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Fig. 4 Finite element models setup of (a) QSNs-on-chip and (b) mixed type WLEDs.
The insets show the corresponding photographs of the WLEDs under daylight and
ultraviolet (UV) light. (a) Type I: QSNs-on-chip and (b) type Ill: QSNs/phosphor mixed.

where P is the input electric power, Pgp ¢ is the optical power
from WLEDs with only silicone, P, is the optical power from
WLEDs with QSNs and silicone, P, is the optical power from
the type I WLEDs, P,.3 is the optical power from the type II
WLEDs. Herein, the optical losses in lead frame are negligible
due to their high reflectance and low absorption, and the scattering
coefficient of QDs is assumed to be zero due to their small size
[20]. Besides, it is assumed that the entire optical power loss is
converted into heat power within each layer [21,22].

2.4 Thermal Simulation Setup. Finite element models
(FEM) of two WLEDs were built to conduct the thermal simula-
tions, as depicted in Fig. 4. The WLEDs were mounted onto a
metal-core printed circuit board (PCB) for electrical connection
and heat dissipation. Thickness and thermal conductivity of each
component used for simulation are listed in Table 1.

The thermal conductivity of QSNs was calculated by [23]

)
kitica

M —)In(1 + M) + M ®)

Kaosns = (

With M = ¢,(1 +7) — 1, where e,=kqpg/Ksilica is the reduced ther-
mal conductivity of nanoparticle and y = d/rgps is the ratio of the
silica thickness to the original QDs radius. Due to the symmetry,
only a quarter of the WLEDs model was utilized to simulate the
temperature field. The boundary conditions of the FEM model
were set as follows: the ambient temperature was fixed as 25 °C;
natural convection occurred at the bottom surface of the
metal-core printed circuit board with a heat transfer coefficient of
10 W/(m? K), and other surfaces were cooled by natural convec-
tion with a heat transfer coefficient of 8 W/(m?> K). All the bound-
ary conditions were similar as those in Ref. [24].

Table 1 Thickness and thermal conductivity of each
component

Component Thickness (nm)  Thermal conductivity (W m 'K
PCB metalcore 0.98 170

Thermal grease 0.05 5

Heat sink 6 170

Solder 0.05 5

LED chip 0.1 65.6

QSNs 0.0001 11.3

Phosphor 3 0.18
QSNs/phosphor 3 0.18

PCB dielectric 0.02 0.2

Leadframe 6 0.36

Journal of Electronic Packaging

3 Results and Discussion

Figure 5 shows the high-resolution transmission electron
microscopy images of the as-prepared CdSe/ZnS QDs and the
QSNs, and the absorption/emission spectra of the core and core/
shell QDs. From Fig. 5(a), the QDs’ average size is measured as
6.4nm with uniform size distribution. Benefited from the TOP-
assisted successive ionic layer adsorption and reaction method, by
which the surface lattice imperfections is avoided by the surface
ions redissolution and lattice re-arrangement during the whole
ZnS shell formation process, the absolute PL quantum yields were
enhanced efficiently from 45% (core) to 69% (core—shell), as
depicted in Fig. 5(c). Figure 5(b) shows transmission electron
microscope images of the as-prepared QSNs,, which demonstrate
well dispersity and uniform size distribution. The average particle
size is measured as 32nm with silica coating thickness of
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Fig. 5 High-resolution transmission electron microscopy
images of the CdSe/ZnS QDs (a) and the QSNs (b), insets show
the corresponding photographs under daylight and UV light. (¢)
Absorption and PL spectra of the CdSe core QDs and CdSe/
ZnS core-shell QDs.
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Fig. 6 (a) Electroluminescence spectra of the as-fabricated
WLEDs under driving current of 20 mA, insets show their illumi-
nated photographs. (b) Heat generation of each component
under different driving current.
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12.8 nm. This coating thickness can provide effective protection
for QDs and retain the QDs’ PL intensity.

Figure 6(a) illustrates the electroluminescence spectra of the
as-fabricated WLEDs under 20mA illumination. With similar
spectral power distribution, these WLEDs present correlated
color temperature around 4250 K (natural white), and high CRI
of Ra>92, R9>90. Note that the QSNs-on-chip WLEDs
achieved high LE of 144.3 1m/W, which is 16.7% higher than that
of mixed type. This is mainly attributed to the separated structure,
which reduces the reabsorption losses between QSNs and phos-
phor particles. Figure 6(b) shows the current-dependent heat
power in each component of QDs-WLEDs. It is seen that the heat
generation in LED chip is much larger than those in QDs and
phosphor. Besides, the heat generation of QSNs/phosphor in the
mixed type is slightly larger than QSNs plus phosphor in the sep-
arated type. Therefore, the measured heat generation confirms the
reduction of reabsorption losses by our proposed QSNs-on-chip
structure.

To investigate the temperature difference between these two
types of WLEDs, the measured heat generations were loaded
onto the FEM and thermal simulations were conducted. Figure 7
shows the simulated temperature fields of these WLEDs under
driving current. The result shows that the highest temperature of
all the WLEDs locates in the top of phosphor/QSNs silicone gel.
This is mainly because of the low thermal conductivity of sili-
cone gel, and the heat generation of phosphor/QSNs cannot be
quickly dissipated from WLEDs to the surrounding air. The
highest temperature in type I is lower than that in type II, and
this difference is more apparent at larger driving current. For
instance, the temperature difference is 11.5°C, 21.3°C, and
30.3°C at driving current of 80mA, 200mA, and 300mA,
respectively. Therefore, benefited from the proposed QSNs-on-
chip configuration, the QDs working temperature can be signifi-
cantly reduced.

To validate above simulation results, the corresponding temper-
ature fields of the two WLEDs were measured by an infrared ther-
mal imager (FLIR SC620). The emissivity of silicone gel was set

33.9°C

°C
110
100

190

180

70

160

Fig. 7 Simulated steady-state temperature fields of two WLEDs under
driving current of 80 mA, 200 mA, and 300 mA. (a) Mixed at 80 mA, (b)
mixed at 200 mA, (¢) mixed at 300 mA, (d) QSNs on-chip at 80 mA, (e)
QSNs on-chip at 200 mA, and (f) QSNs on-chip at 300 mA.
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Fig. 8 Temperature fields of two WLEDs under driving current
of (a) 80 mA, (b) 200 mA, and (c) 300 mA

as 0.96 [25], and the distance between WLEDs and the camera
lens was fixed as 0.3 m. All the temperature fields were obtained
after the WLEDs were lighted up for 30 min. Figure 8 shows the
measured steady-state temperature fields. It is seen that the simu-
lated temperature distributions between these WLEDs agree well
with the experimental results, and the maximum relative deviation
of the highest temperature between experimental and simulation
results is 5.9% (76.4°C and 80.9 °C at 300 mA). Therefore, it was
confirmed by the experimental results that the highest temperature
in QSNs-on-chip type is lower than that in the conventional mixed

type.

4 Conclusions

In this work, a separated QSNs/phosphor structure, composed
of a QSNs-on-chip layer below a yellow phosphor layer, was pro-
posed to reduce the QDs working temperature. A silica shell was
coated onto the QDs surface to solve the compatibility problem
between QDs and silicone. With CRI > 92 and R9 > 90, the newly
proposed QSNs-based WLEDs present 16.7% higher LE and
lower QDs working temperature over conventional mixed-type
WLEDs. The reduction of QDs’ temperature can reach 11.5°C,
21.3°C, and 30.3°C at driving current of 80mA, 200 mA, and
300mA, respectively. Therefore, benefited from the proposed
QSNs-on-chip configuration, which reduce the reabsorption losses
and enhance the thermal dissipation condition of QSNs, the QDs
working temperature can be significantly reduced, so as to prolong
the lifetime of QDs.
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