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Abstract

Quantum dots (QDs) face severe heat dissipation challenges when packaged with high-power
light-emitting diodes (HPLEDs). In this study, a water-cooling remote (wc-remote) structure was
proposed to significantly improve the heat dissipation of QD converters in a HPLED system. The
QD converter was removed from the HPLED sources to isolate the thermal power generated from
the chips and was assembled on a transparent glass chamber filled with flowing water for heat
dissipation. The thermal performances and optical stability of the QD converters were investigated
with different device structures, electrical injection powers, and flow rates. The results demonstrate
that the optimized wc-remote structure reduced the maximum steady temperature of the QD
converters to 71 °C at an ultrahigh electrical injection power of 100 W, while those for the
conventional on-chip and remote structures were reduced by 453 and 265 °C, respectively.
Operating aging tests confirmed that the we-remote structure exhibits a slow degradation and almost
no redshift in the optical spectra, contributing to a lifetime of 2~3 orders of magnitude longer than
that of conventional structures. The proposed wc-remote structure can be a respectable start point
for QD converters in hundred-watt-level applications, such as projection illumination and display.

Keywords: High-power light-emitting diodes; quantum dot color converter; water cooling;
operating temperature; lifetime.

1 Introduction

Light emitting diodes (LEDs) have been widely used in many fields, including street lamps,
advertising displays, automotive headlights, and traffic lights[1, 2]. The wide application of LEDs
can be attributed to their advantages of energy-saving, long service time, small dimension, and low-
cost[3, 4]. At present, most color converters in LEDs are based on yttrium aluminum garnet (YAG)
phosphor with high thermal stability[5, 6]. Compared with YAG phosphor, there are many
advantages of quantum dots (QDs) as color converters in LEDs, including a narrow full width at
half maximum (FWHM), high photoluminescent quantum yield (PLQY), and tunable emission
wavelength[7-9]. A wider color gamut[10, 11]and higher color rendering index[12, 13]have been
successfully achieved for display and illumination applications, respectively, using state-of-the-art



QD converters. However, QD converters continue to encounter stability challenges in LEDs owing
to their natural thermal instability[14]. According to previous studies, it can easily lead to
fluorescence quenching of QDs when the operating temperature is over 80 °C[15]. Moreover, the
dispersing matrix (like silicone) can become carbonized when the operating temperature reaches
about 350 °C[16]. Generally, the high operating temperature of QD converters is attributed to the
large conversion loss (=60%) at high QD concentration (for white light generation) responsibly by
the aggregation and reabsorption loss[17]. Thus, a large portion of the light from LED chips
absorbed by QD converters transforms into thermal power by the nonradiative recombination[18].
Moreover, the low thermal conductivity of a QD dispersing matrix (e.g., silicone) suppresses the
heat dissipation of QDs[19]. Therefore, QD-LEDs can only maintain a relatively stable light output
at an injection electrical power lower than ~0.1 W[20] to minimize the thermal impact.

Great efforts have been put into improving the thermal performance of QD-LEDs, such as
incorporating nanoparticles with high thermal conductivity to increase the heat dissipation of the
polymer matrix[21, 22]. However, this improvement is limited by the low incorporating
concentration considering the optical loss introduced by nanoparticles. To maintain high optical
efficiency, the heat dissipation can also be strengthened to a certain extent by shortening the heat
path from QDs to the LED chip and substrate, which can be treated as a heat sink for QDs[23]. Most
of these studies are focused on low-power LEDs with milliwatt-level injection electrical power, the
thermal influence of an LED chip on QDs is generally negligible. When the injection electrical
power is increased over watt level, the fast degradation of QD converters can be observed after
operating within seconds owing to the serious heat power generation from the chips[24]. Therefore,
the removal of the QD converter away from the LED chips is highly recommended by inserting air
for thermal isolation[25], which is known as a remote structure. The operating temperature of color
converters can be further reduced by combining with graphene[26] or a sapphire plate[27] with high
thermal conductivity, while the heat dissipation remains limited owing to the inefficient natural
convection. Our previous work demonstrated that the operating temperature of color converters can
be largely reduced by ~400 °C using a heat pipe substrate, the excitation source is an external laser
with the optical power of 32 W[16]. However, one major concern is that the substrate for QD
converters in a HPLED system should have high transmittance to ensure the efficient optical output,
most thermal management techniques for LED chips, including microchannels[28],
thermoelectric[29, 30], and heat pipe[31-33], are with poor light transmittance and difficult to adopt
for QD converters. In this study, a water cooling-remote (wc-remote) method was developed to
reduce the operating temperature and increase the lifetime of QD-HPLEDs. First, the thermal
performances of QD-HPLEDs with different structures were investigated in detail with various
injection electrical powers and the optimum flow rate was determined. Then, the stabilities of their
optical spectra were further compared to study the thermal effect on the color conversion processes.
Finally, aging tests at a continuous injection current of 100 W were performed to confirm the high

thermal performances and optical stability of the proposed wc-remote structure.

2 Experiments

The QD-HPLEDs used in this study comprised a HPLED source, QD converter, and heat sink. The
HPLED source was packaged by a chip-on-board structure with 100 pieces of blue GaN-based LED
chips[34] and a silicone encapsulant. The QD converter was fabricated by blade coating. In detail,
CdSe-based QDs (centered wavelength of 52542 nm, PLQY > 80%, FWHM < 30 nm) were



dispersed in a silicone matrix by mechanical stirring with solvent evaporation[11]. Then, the
thickness of the QD-silicone mixture was controlled by blade coating and finally the mixture was
cured in an oven with a temperature of 90 °C for 45 min. The QD converter had a thickness of 0.5
mm and a mass concentration of 1.5 wt.%. The heat sink used in all cases was an aluminum-based
fin with a 1.5 W fan. The on-chip structure can use the substrate including LED chips as a heat
dissipating element at low power, while the remote structure can avoid the thermal impact of LED
chips at high power. Therefore, these two structures are most widely used in QD-LEDs. As shown
in Figs. 1(a) and (b), four kinds of device structures were investigated. The QD converter was
directly assembled on the HPLED source to obtain the on-chip structure generally applied at
milliwatt-level injection power[35], while it was assembled away from the HPLED at a distance of
55 mm to obtain the remote structure generally applied at watt-level injection power. [36]. In this
study, the combination of water-cooling and remote structure is used for QD-LEDs with a higher
injection power. Regarding the proposed wc-remote structure, a transparent water-filled silica glass
chamber (SGC) was introduced to the remote QD converter, which was fabricated by high-
temperature melt welding. The thermal conductivity of silica glass is 1.09 W/(m-K). Unbaffled and
baffled SGCs were investigated; their structural parameters are summarized in Table 1. Moreover,
the experimental setups are shown in Fig. 1(c). The circulating cooling water in SGC was driven by
a peristaltic pump (Kamoer, CK15) for continuous and stable water flow (water bath temperature

of 25 °C) and the accuracy of the flow rate is *1 %. The inlet and outlet connectors are realized by

connecting the glass tube of the SGC with a silica gel tube. The transient temperature and steady
temperature field were measured by infrared cameras (A655SC, FLIR SYSTEMSARB, Seattle, WA,

USA) mounted on a tripod and the accuracy of the measured temperature is *2 °C. The distance

between the camera lens and QD convertors is 0.4 m. In addition, we used an opaque black cloth to
block the infrared camera and the QD-LED to avoid the impact of environmental infrared radiation.
The injection electrical power of the HPLED sources ranged from 20 to 100 W was provided by a
DC source. The optical spectra were measured by an integrating sphere system as shown in Fig.
1(d). We put the QD-HPLED into the integrating sphere with a diameter of 1.2 m and connected
the integrating sphere with the computer through a spectrometer (Ocean Optics USB2000+). In
addition, the QD-HPLED is connected with the rubber tube of a peristaltic pump through a small
hole of the integrating sphere. The ambient temperature for the thermal and optical measurements
was 25 °C.
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Fig. 1. (a) Schematic diagram and (b) photographs of the four kinds of device structures. (c)
Schematic of the experimental setup. (d) Photographs of the QD-LED device in the integrating

sphere system.

Table 1 Structural parameters of the glass plate.

Parameter Baffled SGC Unbaffled SGC

Size 40 mm(L) x 40 mm(W) x 10 mm(H) 40 mm(L) x 40 mm(W) x 10 mm(H)
Flow path width | 8.75 mm No flow paths

Flow path height | 8 mm No flow paths

Baffle length 30 mm No baffle

Baftle number 3 No baffle

Working fluid Water Water




Glass thickness 1 mm 1 mm

3. Results and discussion
3.1. Thermal performance

The thermal performance of the QD-HPLEDs was compared using four device structures, as
illustrated above. All these devices were measured at an injection electrical power of 100 W and the
flow rate for the wc-remote structure was maintained at 7 mL/min. The emissivity of silicone gel is
set as 0.96[37, 38]. In addition, the precise temperature measurement of phosphor particles in the
color conversion layer has always been a difficult academic problem. In this article, we use the
surface temperature of the whole film for comparative analysis, which is the same as most previous
studies[20-22, 27, 39]. The transient temperature of QD converters at the surface hotspot for
different HPLEDs is shown in Fig. 2(a). It is seen that the transient temperature of the on-chip
structure, remote structure, unbaffled wc-remote structure, and baffled wc-remote structure reached
524,336, 132, and 126 °C, respectively, as the operating time increased and then steadied. Notably,
carbonization occurred in the QD converter within seconds when using the on-chip structure[24],
as shown in Fig. 2(b). Therefore, the transient temperature was recorded just before carbonization.
For convenience, the transient temperature at the time carbonization occurred is approximately
considered as the steady temperature for subsequent comparisons. At an injection electrical power
of 100 W, the temperature of QD convertors in the on-chip structure can reach up to 524 °C.
However, the average temperature of the top surface of the substrate is only about 35 °C. It can be
inferred that the maximum junction temperature of LED chips is less than 85 °C according to the
basic thermal resistance model[40]. Generally, GaN-based blue LED chips can operate normally[41]
below a junction temperature of 90 °C.

In addition, the HPLED source also served as the heat sink for the QD converter owing to its
more effective heat dissipation compared with the natural convection by air[42]. Previous studies
on low-power LEDs have indicated that the on-chip structure is more beneficial for QD heat
dissipation. It is because that the QD convertor in the on-chip structure closer to the heat sink (LED
chip or substrate) has a better heat dissipation ability compared with the remote structure[25]. In our
cases, the steady temperature of the on-chip structure is 188 °C higher than that of the remote
structure. These results are mainly because the LED chips also serve as a heat source for the QD
converter because their external quantum efficiency is always less than unity. Regarding solving
this issue, Fig. 2(c) shows the transient temperature of the HPLEDs without the integration of QD
converters. The steady temperature reaches as high as 74 °C, though such temperature is safe for
LED chips while it suppresses the heat dissipation of the QD converter to the heat sink at the bottom
due to the poor thermal conductivity of silicone matrix. The faster heating rate of the remote
structure shown in Fig. 2(a) can further support this explanation. In addition, the hotspot is located
in the central region of the QD converters owing to the Lambert lighting distribution of the LEDs,
which can be observed by the steady temperature field shown in Fig. 2(d). The on-chip structure has
a higher irradiance on the QD converter compared with the remote structure owing to the lesser
amount of free space for light divergence. Thus, the center (hotspot) of the QD converter in the on-
chip structure can absorb much more high-power-density blue light and leads to a higher steady
temperature compared with the remote structure. As a result, the remote structure is highly



recommended in HPLEDs considering all these factors. However, a limitation remains in the remote
structure that the heat dissipation is generally based on natural convection, resulting in a high steady
temperature of 336 °C. This limitation can be easily overcome by introduction of a SGC. The steady
temperature of the unbaffled wc-remote structure is just 132 °C, which decreases by 204 °C
compared with the conventional remote structure. Moreover, the baffled wc-remote structure has a
lower steady temperature (decreased by 6 °C) and a more uniform temperature field compared with
the unbaffled we-remote structure, as shown in Fig. 2(d). These results come from the fact that the
baffle can avoid the short-circuit of fresh fluid from inlet to outlet, and the channels increase the

contact area between silica glass and water, which contributes to an enhanced heat transfer[43].
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Fig. 2. Thermal performance comparisons using on-chip, remote, unbaffled we-remote, and baffled
wce-remote structures. (a)The transient temperature of QD-HPLEDs. (b) Photographs of QD
converters in different device structures after operating at 100 W for 20 s. (c) The transient
temperature of blue HPLEDs without QD converters. (d) Steady temperature field, the unit is °C.

Moreover, the initial optical spectra of the different remote structures were compared to evaluate
the effect of the SGC on the light output, as shown in Fig. 3(a). The thermal effect can be ignored
in this case with an injection electrical power as low as 1 W. It is evident that the spectra exhibit
almost no changes after integrating with the baffled or unbaffled SGC. The transmittance spectra
were obtained to investigate this issue, as shown in Fig. 3(b). Here, it can be seen that the baffled
and unbaffled SGCs both have a high diffuse transmittance (approximately 90%) from 300 nm to



800 nm, which are only slightly lower than that of the referenced PDMS film. Therefore, the SGC
also ensures high optical efficiency for HPLED systems. Considering both the thermal and optical
performances, we only focused on the baffled SGC in the we-remote structure when studying the

injection electrical power and flow rate at subsequence.
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Fig. 3. (a) Initial optical spectra of different remote structures under an injection electrical power of
1 W. (b) Diffuse transmittance of blank PDMS (0.5 mm), baffled SGC, and unbaffled SGC.

To investigate the effect of the flow rate on the we-remote structure, the flow rate values were set
as 0—120 mL/min under different injection electrical powers. All these temperatures were measured
using an infrared camera, which only characterizes the surface temperature of devices. The transient
temperatures of the wc-remote QD converters at the surface hotspots under 20, 40, 70, and 100 W
injection electrical powers are given in Figs. 4(a)—(d), respectively. The transient temperature
continues to increase for QD converters with 0 mL/min (the SGC is filled with water and then sealed)
and has difficulty reaching a steady state even after 5 min owing to the high heat capacity of water.
When heat transfer occurs in the SGC by water flowing, less time is required to reach a steady
temperature and the steady temperature becomes lower with an increasing flow rate. These results
are mainly because the heat generated from the QD converter can be removed faster when the flow
rate increases. To further support this, Figs. 5(a) and (b) show the steady temperature field of the
wce-remote QD converters with flow rates of 7 and 120 mL/min, respectively. The steady
temperature and the hotspot area of the QD converter with a flow rate of 120 mL/min are
significantly smaller than that with 7 mL/min. In addition, the on-chip and remote structures are set
as the reference structures for comparisons, their transient temperatures are shown in Fig. 4. Notably,
the QD converters in the on-chip structure with an injection electrical power larger than 70 W start
carbonization within just a few seconds. As discussed above, we only focused on the thermal power
generated from the QDs, thereby the transient temperature at the start point of carbonization is
approximately treated as the steady temperature for the on-chip structure to neglect the effect of the
subsequent carbonization process on the thermal power. Similarly, the steady temperature field of
these on-chip and remote structures are given in Figs. 5(c) and (d), respectively. It is clear that a
large temperature difference between the QD converter and the holder was observed as the injection
electrical power increased for both the on-chip and remote structures. However, a smaller
temperature difference (i.e., a more uniform temperature distribution) was observed for the wc-

remote structures with increasing injection electrical power, as shown in Figs. 5(a) and (b), the



temperature of the holder became increasingly larger than the environmental temperature. These
results demonstrate that the heat difficultly transfers from the QD converter to the holder in the on-
chip and remote structures owing to the low thermal conductivity of the silicone matrix (0.3
W/(m-K)[25]) and the inefficient natural convection. However, the SGC with higher thermal
conductivity (silica glass-1.09 W/(m-K)[44],water-0.61 W/(m-K)[45]) successfully enhanced the
heat transfer performance of the whole system, avoiding the thermal power concentrated within the

QD converter in the wc-remote structure.
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Fig. 4. Transient temperatures of color converters in the wc-remote structure with different flow
rates. (a)—(d) Injection electrical powers of 20, 40, 70, and 100 W, respectively. The on-chip and

remote structures are set as references.
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The maximum steady temperature of the QD converters in the we-remote structure with different
flow rates and injection electrical powers is further summarized in Fig. 6(a). As the flow rate
increases, the maximum steady temperature reduces and gradually tends to be constant at a saturated
flow rate. This is because the temperature difference between the water and SGC becomes larger
when the flow rate increases, which contributes to better heat dissipation. When the flow rate
reaches saturation, the temperature of the water in the SGC tends to be the same with a constant
water bath temperature. Therefore, the temperature difference between the water and SGC tends to
remain constant, which leads to the almost-constant maximum steady temperature, even though the
flow rate exceeds the saturated flow rate. Moreover, a larger saturated flow rate is required when
using higher injection electrical power. This is because the temperature of the QD converter will be
higher with an increased injection electrical power, which leads to more heat transfer to the water.
A larger saturated flow rate is required for the water temperature in the SGC to become close to the
constant water bath temperature. In our cases, the maximum steady temperature had almost no
change at a high injection electrical power of 100 W when the flow rate reached 120 mL/min, the
maximum steady temperature reduced by 44% compared with that using a flow rate of 7 mL/min.
As aresult, 120 mL/min was selected as the optimum flow rate at subsequence. Fig. 6(b) shows the
maximum steady temperature of the QD converters in the on-chip and remote structures for
comparisons. As the injection electrical power increased from 20 to 100 W, the maximum steady
temperature for the on-chip and remote structures increased from 255 to 524 °C and 119 to 336 °C,



respectively, which is hardly acceptable in practice. However, the wc-remote structure can
significantly reduce the maximum steady temperature of the QD converter at each corresponding
injection electrical power compared with the reference structures. The comparison results are
summarized in Table 2 for convenience. Although an ultrahigh injection electrical power of 100 W
was used, the maximum steady temperature in the wc-remote structure reduced to 71 °C, which is
453 °C (reduced by 86.5%) and 265 °C (reduced by 78.9%) lower than those of the on-chip and
remote structures, respectively. These results demonstrate that the wc-remote structure is essential
for QD converters to reduce the operating temperature at hundred-watt-level applications.
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Fig. 6. (a) Maximum steady temperature of QD-HPLEDs with the wc-remote structure under
different flow rates and injection electrical powers. (b) Maximum steady temperatures of QD-
HPLEDs with traditional on-chip and remote structures under different injection electrical powers.

Table 2 Comparison results of we-remote structure and on-chip structure/remote structure.

Injection  electrical Maximum steady temperature (°C)
power (W) wc-remote structure remote structure on-chip structure
20 37 82 218
40 45 147 383
70 63 192 432
100 71 265 453

The infrared camera can only measure the surface temperature of QD convertors; therefore, the
fluid (water) temperature is analyzed by the fluid and thermal coupling simulation. Herein, we used
the cases with an injection electrical power of 100 W as examples. The temperature distributions of
the SGC were simulated by the coupling of fluid flow module and steady-state thermal module in
ANSYS software. The critical parameters used for simulation are listed in Table 3. The QD
convertor was set as a heat source and the heat power was 17.6 W, which was calculated according to
the previous study[18].

The simulated fluid temperature distributions of the wc-remote structure are given in Fig. 7. It is
seen that the average temperature difference between the inlet and outlet is 24.9 °C and 2.1 °C with
a flow rate of 7 and 120 ml/min, respectively. We can see that the fluid temperature at a lower region
with the flow rate of 7ml/min is much higher than that with the flow rate of 120 ml/min. Moreover,
the fluid temperature at the lower region is about the same as the fluid temperature at the inlet when

the flow rate is 120 ml/min, and the average temperature difference between the inlet and outlet is



2.1 °C. These results indicate that the heat transfer performance of the SGC has been basically
reached to the maximum at this flow rate. In the future, the structural parameters of the SGC can be
optimized to further improve the heat dissipation performance of QD convertors.

In addition, thermal resistance is an important property for evaluating the heat dissipation
performance of LED devices. The temperature fields of QD convertors integrated on the SGC (wc-
remote structure) with the flow rate of 7 and 120 ml/min are given in Fig. 8(a) and (b), respectively.
The temperature field of a traditional QD convertor (remote structure) is shown in Fig. 8 (c). Notably,
the simulated temperature error is ~5% compared with the experiment results, which probably
depends on the accuracy of the thermal conductivity, geometry and convection coefficient. In this
case, the thermal resistance from the QD convertor to the bottom of the SGC (Ryq — pem) for the we-
remote structure is evaluated by the following equation:

Rgd —bem = (Tqa — Them) /P qa, (D

Here, P4q is the heat power of a QD convertor, T4q is the average temperature of a QD
convertor, and Ty is the average temperature of the bottom surface of a SGC. According to
simulations, the Rgq_ pem of the we-remote structure is 4.39 and 1.97 K/W with a flow rate of 7
and 120 ml/min, respectively, which can be reduced by 55.1% after the flow rate is optimized.
According to the simulated temperature of the inlet and outlet, the thermal power extracted by the
liquid loop (Qw) can be easily obtained as 732.1 and 1058.4 J/min with a flow rate of 7 and 120
ml/min, respectively, which can be also increased by 44.6% after the flow rate is optimized. As for
the conventional remote structure, its thermal resistance is as high as 18.7 K/W. Therefore, the
thermal resistance of the optimal wc-remote structure can be reduced by 89.5% compared with the
traditional remote structure. These results well suggest the importance of the wc-remote structure
for improving the heat dissipation of QD convertors.

Table 3 Critical parameters used for simulation.

Parameters QD convertor Silica glass Water
Thermal conductivity (W/(m-K)) | 0.3 1.09 0.59
Specific heat capacity (cal/(g-K)) | 0.2 0.213 0.999
Thickness (mm) 0.5 / /
Inlet temperature (°C) / / 25
(a) (b)
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Fig. 7. Simulated fluid temperature fields in SGC of the wc-remote structure with the flow rate of
(a) 7 ml/min and (b) 120 ml/min. The injection electrical power of LEDs is 100 W.
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Fig. 8. Simulated temperature fields of wc-remote structures with the flow rate of (a) 7 ml/min and
(b) 120 ml/min. (c) Simulated temperature fields of a conventional remote structure. The injection
electrical power of LEDs is 100 W.

3.2. Optical Stability

The optical stability of the QD-HPLEDs was obtained to further confirm the excellent thermal
performance using the wc-remote structure. For this section, the wc-remote structure had an
optimized flow rate of 120 mL/min, as discussed above. Figs. 9 (a)-(c) show the
electroluminescence (EL) spectra stability using the on-chip, remote, and wc-remote structures,
respectively. The blue peak (380-490 nm) and green peak (490-600 nm) originates from the LED
chips and QD converters, respectively. In Fig. 9(a), the green peak intensity of the on-chip structure
decreases quickly, within seconds, even at a relatively low injection electrical power of 20 W, and
the decrement of the green peak intensity from 0 to 10 min is 71.4%, which is attributed to the high
operating temperature of the QD converter as in Fig. 6(b). When the injection electrical power is
100 W, it takes only 30 s for the green peak intensity to reduce by 91.1%. Meanwhile, the green
peak intensity of the remote structure shown in Fig. 9(b) reduces more slowly than that of the on-
chip structure. However, a fast degradation was still observed at the high injection electrical power
of 100 W, the green peak intensity decreased by 70.5% after operating for 6 min. It should be noted
that the blue peak intensity of these two structures also reduces owing to the silicone carbonization
that increases the blue light absorption. Furthermore, the blue peak intensity of the wc-remote
structure shown in Fig. 9(c) hardly decreases, even at an injection electrical power of 100 W, and
the green peak intensity only decreases by 25.4% after operating for 10 min. In addition, a redshift
of the green peak of the on-chip and remote structures clearly appears as the operating time increases,
particularly at a larger injection electrical power, while the green peak of the wc-remote structure
has almost no redshift.
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Fig. 9. Electroluminescence (EL) spectra stability of QD-HPLEDs with different injection electrical
powers vs. time. (a) On-chip structure; (b) remote structure; (c) wc-remote structure.

The unstable EL spectra also affect the output color of the QD-HPEDs, as well as the EL intensity;
their color stabilities represented by the CIE 1931 chromatic coordinates are given in Fig. 10. The
color stabilities of the on-chip and remote structures are shown in Figs. 10(a) and (b), respectively,
which quickly shift toward the blue region. In particular, the color coordinates of the on-chip
structure shift to the blue boundary within 30 s at an injection electrical power of 100 W. Meanwhile,
the color shift of the remote structure is not as severe as those discussed above; the wc-remote
structure greatly suppresses the color shift, as shown in Fig. 10(c). Interestingly, the color
coordinates of the on-chip and remote structures change nonlinearly, while those for the wc-remote
structure are almost linear, which can be attributed to the redshift of the green peak in the on-chip

and remote structures.
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Fig. 10. CIE 1931 chromatic coordinates of QD-HPLEDs with different injection electrical powers
vs. operating time. (a) On-chip structure; (b) remote structure; (c) we-remote structure.

The radiant power and luminous flux stability are significant to ensure the valid operating time
of LEDs[46, 47], which are shown in Figs. 11 and 12, respectively. In our cases, we were more
concerned about the green peak stability associated with the QD converters. Therefore, the device
lifetime is defined as the operating time until the luminous flux of the QD-HPLEDs reduces to 60%
of the initial value, which is more sensitive to the green peak. Moreover, the radiant power and
luminous flux of the on-chip and remote structures decrease quickly. As discussed above, the fast
degradation is attributed to the thermal quenching of QDs and the carbonization of silicone matrixes.
Under an injection electrical power of 100 W, the luminous flux of the on-chip structure reduces by
90% in just 60 s, while that of the remote structure reduces by 70% in 6 min, demonstrating that the
remote strategy is highly expected by suppression of the heat transfer from the chips to the QDs. As
for the we-remote structure, the luminous flux decreases by only 25% in 10 min owing to the low
operating temperature of the QD converter, which is still effective (not reach the lifetime) after
operating for 10 min at 100 W of injection electrical power. Therefore, a longer aging test was
conducted to measure the lifetime of the wc-remote structure at a typical injection electrical power
of 100 W.
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Fig. 11. Radiant power stability of QD-HPLEDs with different injection electrical powers. (a)—(d)
Injection electrical power of 20, 40, 70, and 100 W, respectively.

(a) (b)
1.0+ 1ok
_ —_~
3 08} 5
) i‘i 0.8}
Z o6t z
= =
2 L'V'; 0.6}
2 04r- 2
£ . -g —=— On-chip
g ozl —=— On-chip g 04} R
= —e— Remote 3 LD
IO —&— wc-remote
O'D L 1 1 L 1 L L L Il L 1 02 1 1 1 n L L 1 1 1 I 1
0 2 4 6 8 10 0 2 4 6 8 10
Time (min) Time (min)
(¢) (d)
1.0+ 1.0
- oy
= 08} S 08t
& I
B o6} ERT
fry F
W vl
3 04f 2 o4l
£ . g .
g —=— On-chip E —=— On-chip
3 02r —e— Remote o 02r —e— Remote
—&— we-remote —4&— wc¢-remote
0-0 L i 1 1 n L " Il " 1 00 1 L 1 Il " 1 1 1
0 2 4 6 8 10 0 2 4 6 8 10
Time (min) Time (min)

Fig. 12. Luminous flux stability of QD-HPLEDs with different injection electrical powers. (a)—(d)



Injection electrical power of 20, 40, 70, and 100 W, respectively.

The long-time EL spectra stability of the optimized wc-remote structure (120 mL/min) is given
in Fig. 13. After 120 min of the aging experiment, the blue peak intensity shows almost no
decrement while the green peak intensity decreases by 42.2% from 0 to 120 min. The spectra show
almost no redshift and tend to be stable after operating for 70 min. Their radiant power and luminous
flux stability are summarized in Fig. 14. The luminous flux and radiant power decrease fast at the
initial stage, similar to previous studies, at low working power[22], and tend to increase instability
as the operating time increases. Additionally, the lifetime of the on-chip, remote, and optimized wc-
remote structures are summarized in the insert. The lifetime of QD-LEDs with the optimized wc-
remote structure is 95 min under an optimal flow rate of 120 ml/min, while those of the on-chip
structure and remote structures are 6 and 50 s, respectively, showing an increase of 2~3 orders of
magnitude. We believe that the device lifetime can be further improved by optimizing the shape
parameters of the SGC, the thickness of QDs films, and the packaging material of QDs in order to
satisfy the practical applications. Nevertheless, these results confirm that the wc-remote structure
contributes to a longer QD-HPLED lifetime, even at an ultrahigh injection electrical power of 100
W. These excellent performances can be a respectable start point for QD converters in one-hundred-
watt-level applications, such as projection illumination and display.
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Fig. 13. EL spectra stability of HPLEDs with the optimized wc-remote structure under an injection
electrical power of 100 W.
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Fig. 14. Luminous flux and radiant power stability of HPLEDs with the wc-remote structure under

an injection electrical power of 100 W. The inset summarizes the lifetimes of the QD-HPLEDs with

on-chip, remote, and optimized remote structures, respectively, under an injection electrical power

of 100 W.



4. Conclusion

In this paper, the wc-remote structure was proposed to improve the heat dissipation and optical
stability of QD converters in a HPLED system. We introduced a SGC to improve the heat dissipation
of the QD converter, which has almost no effect on the light output, preserving a high optical
efficiency. The maximum steady temperature of the we-remote shows almost no reduction when
the flow rate reaches 120 mL/min, which is treated as the optimal flow rate that verified by the fluid
and thermal coupling simulation. By comparing the thermal performance and optical stability of the
wc-remote structure with the on-chip and remote structures, the excellent heat dissipation and
optical stability of the wc-remote structure were demonstrated. Under 100 W of injection electrical
power, the maximum steady temperature of the we-remote structure under an optimized flow rate
of 120 mL/min reduced to 71 °C, which reduced by 453 and 265 °C compared with the other
structures, respectively. Furthermore, the optical spectra of the wc-remote structure show a slow
degradation and almost no redshift, which contributes to lifetime 2~3 orders of magnitude longer
than that of conventional structures. Therefore, the wc-remote structure can largely prolong the
lifetime from 0.105 min (on-chip structure) and 0.832 min (remote structure) to 95 min.
Consequently, the operating temperature and optical stability of QD-HPLEDs can be significantly
improved using the wc-remote structure. The wc-remote structure reported herein can be a
respectable start point for QD converters in hundred-watt-level applications, such as projection
illumination and display.
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Highlights
A wc-remote structure is introduced to high power LED systems.

The temperature of QD converters is reduced by 383°C at 100 W injection power.

The device lifetime is increased by orders of magnitude at 100 W injection power.



