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Abstract: In this paper, a new method to regulate the correlated color temperature (CCT) of white
light-emitting diodes (LEDs) is proposed for the single-chip packaging structure, in which the blue
light distribution emitted from the chip in the red/yellow phosphor layer was modulated through
changing the paraffin-polydimethylsiloxane (PDMS) film transparence and haze. The results show
that the transmittance of the paraffin-PDMS film can be modulated from 49.76% to 97.64%, while
the haze of that ranges from 88.19% to 63.10%. When the thickness of paraffin-PDMS film is 0.6 mm,
and the paraffin-PDMS film concentration is 30 wt%, the CCT of white LED decreases from 15177 K
to 3615 K with the increase of thermal load in the paraffin-PDMS film. The modulating range of its
CCT reaches 11562 K. The maximum CCT variation at the same test condition is only 536 K in the
repeated experiments within one week.

Keywords: light-emitting diodes (LEDs); correlated color temperature (CCT); LED packaging;
paraffin-PDMS film

1. Introduction

White light-emitting diodes (LEDs) have been extensively used in traffic lights, back-
light displays, display screens, automobile lighting, indoor lighting, and many other
fields [1–4]. Currently, most white LEDs show the fixed correlated color temperature
(CCT). The CCT of white LEDs has a profound impact on daily human activities, including
comfort, health [5,6], and thinking [7,8]. For example, in the retail and service industries,
adjusting the CCT of LEDs can make the environment more attractive to customers. Ac-
cording to time, music, mood, etc., changing the CCT in real-time can better highlight
the stage visual effects in an evening party. Besides, the CCT of natural light changes in
real-time every day. The change of CCT with the time that simulates natural light can result
in a positive visual experience. Therefore, real-time adjustment of CCT is a significant
trend in the development of LEDs [9,10].

The CCT of white LEDs can be adjusted in two ways: the spectra of the LED chip,
or that of the phosphor. The nanorod and nanowire technology to adjust LED light color at
the chip level has been extensively studied, and the phosphor-free white LEDs have been
realized [11–14]. Meanwhile, the CCT of white light is tuned by blending an appropriate
fraction of the as-synthesized different color emitting nanocrystals [15,16]. Most of these
methods, however, cannot adjust the CCT in real-time.

To realize the real-time adjustment of the CCT, several methods have been proposed.
The simplest way is to arrange two or three different color LED chips and adjust the CCT
by changing the mixing ratio of different lights, but it requires a complicated control circuit,
and is also restricted by uniformity of the color spaces [17–21]. Quantum dot materials are
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used to adjust the CCT, such as changing the volume ratio of different color quantum dot
materials and introducing a dynamic color filter. However, the heat generated during chip
operation will result in a decrease in the luminous efficiency and light conversion efficiency
of the quantum dot material after being heated [22–24]. Moreover, the liquid crystal (LC)
technology is combined with LED to realize CCT adjustment through a color conversion
film, but the adjustable range of CCT is limited to only 2500 K [25,26]. Therefore, a simple,
wide range and real-time CCT regulation method of LEDs is still needed.

For the present research, a new method of regulating CCT of white LEDs with a
single chip was developed through phosphor pattern and thermal-modulating optical film.
This method is based on modulating the blue light radiation distribution on the patterned
red/yellow phosphor layer through changing the paraffin-polydimethylsiloxane (PDMS)
film transparence and haze by the thermal stimulation. In this study, the influence of
paraffin-PDMS film on the light path and spatial intensity distribution of blue LED chip
under different thermal stimulations were analyzed, and the mechanism of CCT regulation
was obtained. The manufacturing process of paraffin-PDMS film was introduced. The
transmittance and haze of paraffin-PDMS film under the thermal stimulation were tested,
and the related optical properties of single-chip packaged LED were also tested. It analyzed
the effect of CCT adjustment by combining the phosphor pattern and thermal modulating
optical film. The stability and practicability of this method were examined.

2. Principles and Experiments

Figure 1 showed the schematic diagram of the CCT-modulation white LED module
and its work principle. The white LED with tunable CCT with single-chip was mainly
composed of an indium tin oxide (ITO) conductive glass, paraffin-PDMS film, and a
patterned phosphor layer. The peak wavelength of the blue LED chip was 460–470 nm
and the chip was fixed on an aluminum substrate. An optical lens was mounted above
the chip for regulating the blue light emitted from the chip to transmit within 15◦ angular
angles, as shown in Figure 1b. The paraffin-PDMS film was placed on the ITO glass. The
distance between the ITO glass and the LED chip was 12 mm. The patterned phosphor
layer in which the red phosphor was with the diameter of 12 mm and yellow phosphor
had the inner diameter of 12 mm, and the outer diameter of 32 mm was placed above the
paraffine-PDMS film. And their gap was set as 2 mm.
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the same thickness between the mixture and the dam. Due to the low melting temperature 
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Figure 1. The schematic diagram of the light-emitting diode (LED) module and the correlated color temperature (CCT)
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glass. (d) Paraffin-polydimethylsiloxane (PDMS) film. (e) The spatial intensity distribution. (f) Centrally melted paraffin-
PDMS film. (g) The spatial intensity distribution with the central paraffin melting. (h) Commission Internationale de
l’Eclairage (CIE) chromaticity diagram.
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In our experiments, the mixture of the red phosphor and the silicone was fabricated
firstly. Then the mixture of yellow phosphor and silicone was manufactured after the red
phosphor was cured. The phosphor pattern with a thickness of 350 µm was fabricated by
the screen printing process on a high transmittance glass plate [27]. The concentrations of
red phosphor mixture and yellow phosphor mixture were 40 wt% and 20 wt% respectively.
The red phosphor had the peak photoluminescence wavelength of 640 nm, while that of
the yellow phosphor was 564 nm.

As shown in Figure 1, the light emitted by the blue LED passed through a lens, ITO
conductive glass, paraffin-PDMS film, a red/yellow phosphor layer, and finally irradiated
in the air. The ITO was etched by a specific pattern with two lines with 1.5 mm indicated
by the shape line shown in Figure 1c. When the current crossed the ITO film, there was
uniform Joule heat on the ITO glass. The center was heated rapidly due to the large
resistance in the central area. The paraffin-PDMS film became transparent when it was
heated [28,29], as shown in Figure 1f. The central heating of the conductive glass caused
the paraffin in the film to melt from approximately the center circle. The supply voltage of
ITO conductive glass determined the size of the paraffin melting area, which affected the
transmittance and haze. The increase of transmittance and decrease of haze in the center of
the film was due to the melting of the central paraffin. Hence, the blue light passing through
the center of the film in Figure 1g was more concentrated than that in Figure 1e, resulting in
more red phosphors was excited. By changing the voltage of conductive glass, the melting
area of the film was regulated. Then the different spatial intensity distribution of blue LED
was controlled to change the excitation power ratio of red/yellow phosphor, and realize
the real-time adjustment of the CCT. The different CCTs brought people different visual
experiences, which could be seen from the CIE (Commission Internationale de l’Eclairage)
chromaticity diagram of Figure 1h.

As shown in Figure 2a, the manufacturing process of paraffin-PDMS film was intro-
duced. Paraffin is a white solid at room temperature and melts into a transparent liquid
at 58 ◦C [30,31]. In the paraffin-PDMS film, the paraffin particles were screened using 60
mesh and 150 mesh gauze with diameters between 100–250 µm. Thus its size was less
than 250 µm. The thickness of the paraffin-PDMS film was 0.8 mm. In order to control
the film thickness, a plastic ring dam with a height of 0.8 mm and an inner diameter of
33 mm was designed. In experiments, the dam was placed on the ITO glass surfaces. The
paraffin-PDMS mixture was filled into the dam. The mixture volume was adjusted to
guarantee the same thickness between the mixture and the dam. Due to the low melting
temperature of paraffin, we chose the curing temperature at 40 ◦C. The paraffin-PDMS
film with a thickness of 0.8 mm was obtained after 48 h of curing in a drying oven. After
curing, the dam was removed from the paraffin-PDMS film. The film had the properties
of paraffin heating transparency and PDMS polymer softness. Figure 2b showed three
concentrations (10 wt%, 20 wt%, 30 wt%) of the paraffin-PDMS film with a film thickness
of 0.8 mm. We could see that the concentration of paraffin affected the transmittance of
the film.
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Figure 2. (a) Schematic of fabrication of a paraffin-PDMS film. (b) Picture of paraffin-PDMS films
with concentrations, 10%, 20%, and 30%.

3. Results and Discussion

To explore the connections between the central temperature and the supply voltage
of paraffin-PDMS film, the ITO conductive glass with a particular pattern was applied
voltage, and an infrared thermal imager was used to measure the temperature. Figure 3a
showed the infrared thermal images of the film surfaces under different voltages, and the
heat transfer was approximately circular. The temperature in the center of the film was
the highest, and the farther away from the center, the lower the temperature. The square
resistance of ITO conductive glass was less than 15 Ω/cm2, the film thickness was 135 nm,
and the transmittance was more than 94.5%. The paraffin concentrations of different films
were 10 wt%, 20 wt%, 30 wt%, and the film thickness was 0.6 mm. The melting point
of paraffin was 58 ◦C. From the variation curve of film center temperature with voltage
shown in Figure 3b, it could be seen that under the same voltage, the difference in film
center temperature of different concentrations was small, and as the voltage increased, the
film center temperature raised. As shown in Equation (1), a quadratic polynomial equation
was used to fit the center temperature curve of the film with a concentration of 30 wt%.

T = 28.175 + 0.576u + 2.519u2 (1)
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The correlation coefficient R2 could reach 0.9996. According to the fitting formula,
the relationship between the film center temperature and the supply voltage could be
clearly obtained.
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As shown in Figure 4a, the melting area of the paraffin-PDMS film was approximately
circular and positively correlated with the voltage. To conveniently test the transmittance
and haze in the central area of the film, the through-hole diameter of the transmittance haze
tester was adjusted to 10 mm. For comparison, the transmittance and haze of the 0.6 mm
paraffin layer were measured. When the paraffin was melted, the transmittance could
reach 100%, and the haze could be as low as 1.05%. However, at room temperature, the
transmittance was only 61.32%, and the haze could get 88.51%. As shown in Figure 4b, the
transmittance and haze of paraffin-PDMS films with different concentrations changed with
voltage, and the film thickness was also 0.6 mm. For films with different concentrations,
when the voltage was between 0–2.4 V, the temperature did not reach the melting point
of paraffin, and the transmittance and haze were almost unchanged. When the voltage
was between 2.6–4.4 V, the temperature reached the melting point of paraffin, as the
central paraffin continuously melted, the transmittance increased rapidly, while the haze
decreased rapidly. When the voltage reached 4.4 V, the diameter of the melting area was
larger than 10 mm, reaching the maximum diameter of the test through-hole, and the
transmittance and haze tended to be stable. The transmittance range of the film with a
paraffin concentration of 30 wt% was the largest, from 49.76% to 97.64%, and the haze
range was smaller, from 88.96% to 83.77%. When the paraffin concentration of the film was
10 wt%, the transmittance changed from 68.50% to 95.60%, and the haze decreased from
88.19% to 63.10%. According to the test data of transmittance and haze of paraffin-PDMS
film, it could be seen that after the paraffin was melted, the transmittance of the film
with different concentrations had little difference, but the transmittance value at room
temperature was very different, and the test data of haze was just the opposite. The results
showed that under the same thickness the main factor that affected the transmittance and
haze of the film was the concentration of paraffin.
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To explore the influence of different paraffin concentrations on CCT, the CCT of white
LEDs was measured at the driving voltage of 5 V and the driving current of 500 mA. As
shown in Figure 5, the CCT changed slowly, then quickly, and finally tended to be stable,
which could be well explained by the variation curve of transmittance and haze. When the
voltage was 0–2 V, the transmittance and haze hardly changed, and the CCT was basically
unchanged. When the voltage was 2–4 V, the center transmittance of the film increased
rapidly, and the haze decreased rapidly, which led to more light emitted from the center
to excite the red phosphor, and the CCT decreased rapidly. When the voltage was 4–5 V,
as the melting region increased, the excitation ratio of red/yellow phosphors reached
equilibrium, and the CCT tended to be stable and reached the lowest. When the thickness
of the paraffin-PDMS film was 0.6 mm and the paraffin concentration was 30 wt%, as the
voltage increased, the CCT decreased from 15177 K to 3615 K, and the modulating range
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of CCT reached 11562 K. Figure 5b was the CCT of LED under different voltage. As the
voltage decreased, the CCT increased significantly. Figure 5c showed the CIE chromaticity
diagram under different voltages of ITO glass, and the change of CCT could be seen more
intuitively. The values of CCT, color rendering index (CRI), CIE coordinates were shown in
Table 1. It could be seen that the CRI decreased with the CCT. The maximum value was 81.5,
while the minimum one was about 66.3. However there was a large CCT modulation range,
the light quality should be optimized by choosing the phosphor material and phosphor
pattern in future work.
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Table 1. The values of correlated color temperature (CCT), color rendering index (CRI), Commission
Internationale de l’Eclairage (CIE) coordinates.

CCK(K) CRI x y

3432 81.50 0.3569 0.2578
4090 76.45 0.3441 0.2464
5070 70.38 0.3349 0.2432
6105 66.65 0.3277 0.2402
6905 66.26 0.3222 0.2426

As shown in Figure 6a, the electroluminescence spectra further demonstrated the
regulation process of the CCT. As the proportion of red wavelengths increased, the CCT of
LED decreased significantly. The LED distribution curve was tested, as shown in Figure 6b.
The luminous intensity with the center temperature of 90 ◦C in the paraffin-PDMS was
higher than that at 26 ◦C and the maximum difference was 0.308 cd. The smaller the
absolute value of the angle, the greater the difference of luminous intensity, which was
due to the change of transmittance and haze in the center of the film. This method could
simulate natural light well. By adjusting the parameters, the LED could achieve high
luminous intensity and CCT from 9:00 to 15:00, about 6500 K. At sunrise and sunset,
the LED had lower light intensity and CCT, about 3500 K.
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To verify the stability of CCT adjustment, the CCT of LED was tested within one week,
as shown in Figure 7. The CCT fluctuated in a certain range, and the maximum difference
was 536 K at the same voltage of ITO glass. The difference was small, which could meet the
requirements of normal operation. This experiment had good stability and reliability for
CCT adjustment of white LEDs. The luminous efficiency of the LED calculated by measured
lumen value and power consumption of LED chips was 29.08 lm/W at the CCT of 6500 K,
and that without the paraffine-PDMS film was 55.32 lm/w. The power to adjust the CCT
was analyzed. The maximum voltage was 4.6 V, and the current was 0.11 A. In other words,
the maximum power to adjust the CCT was only 0.506 W. Taking it into account the entire
power, the LED luminous efficiency was 24.93 lm/W. The efficiency loss was due to the
scattering effect of the paraffin particles in the paraffin-PDMS film. The luminous efficiency
could be further improved by improving the process, such as changing the diameter of
paraffin particles, changing the smoothness of paraffin particles, and changing the thickness
of the film. In this works, we mainly demonstrated the principle of CCT modulation. In
future work, we will further optimize the process to improve luminous efficiency.
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4. Conclusions

A new method of changing the CCT of white LEDs was proposed. By changing the
melting state of paraffin in PDMS film, adjusting the spatial intensity distribution, and
changing the absorption and excitation power ratio of phosphors with different colors,
the CCT of White LEDs can be adjusted smoothly from 15177 K to 3615 K, and has the
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advantage of low energy consumption. In this way, LEDs can simulate natural light and
give people a more comfortable visual experience.

Author Contributions: Put forward idea, H.Z. and S.W.J.; Design of experiment, Z.S. and B.Z.;
data curation, Y.P. and F.B.; writing—original draft preparation, Z.S. and Z.G.; writing—review
and editing, H.Z. and S.W.J.; project administration, H.Z. All authors have read and agreed to the
published version of the manuscript.

Funding: This work is funded by the National Natural Science Foundation of China (51975423),
the Hubei Provincial Natural Science Foundation of China under Grant 2020CFA032, and the grant
NRF-2018R1A2B3001246 of the National Research Foundation of Korea.

Data Availability Statement: The datasets are available from the corresponding author on reason-
able request.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Kim, M.; Lee, S.M.; Choi, K.C. Optical tuning of phosphors by plasmonic gold nanoparticles for phosphor-converted white light

emitting diodes. Appl. Phys. Lett. 2014, 105, 141119. [CrossRef]
2. Krames, M.R.; Shchekin, O.B.; Mueller-Mach, R.; Mueller, G.O.; Zhou, L.; Harbers, G.; Craford, M.G. Status and Future of

High-Power Light-Emitting Diodes for Solid-State Lighting. J. Disp. Technol. 2007, 3, 160–175. [CrossRef]
3. Sun, J.; Peng, Y.; Zheng, H.; Guo, X.; Gan, Z.; Liu, S. Enhancing ACU of White LEDs by Phosphor Coating Based on Electrohydro-

dynamics. IEEE Photonics Technol. Lett. 2017, 29, 393–396. [CrossRef]
4. Yang, L.; Liu, Y.; Zhong, Y.; Jiang, X.; Song, B.; Ji, X.; Su, Y.; Liao, L.; He, Y. Fluorescent silicon nanoparticles utilized as stable color

converters for white light-emitting diodes. Appl. Phys. Lett. 2015, 106, 173109. [CrossRef]
5. Blask, D.E.; Dauchy, R.T.; Sauer, L.A.; Krause, J.A.; Brainard, G.C. Growth and Fatty Acid Metabolism of Human Breast Cancer

(MCF-7) Xenografts in Nude Rats: Impact of Constant Light-Induced Nocturnal Melatonin Suppression. Breast Cancer Res. Treat.
2003, 79, 313–320. [CrossRef] [PubMed]

6. Van Bommel, W.J.M. Non-visual biological effect of lighting and the practical meaning for lighting for work. Appl. Ergon. 2006,
37, 461–466. [CrossRef] [PubMed]

7. Berson, D.M.; Dunn, F.A.; Takao, M. Phototransduction by retinal ganglion cells that set the circadian clock. Science 2002,
295, 1070–1073. [CrossRef]

8. Lin, K.; Lin, C. The study of a novel control method of the mood lighting emulator. Opt. Commun. 2015, 350, 71–76. [CrossRef]
9. Schubert, E.F.; Kim, J.K. Solid-state light sources getting smart. Science 2005, 308, 1274–1278. [CrossRef]
10. Tsao, J.Y.; Crawford, M.H.; Coltrin, M.E.; Fischer, A.J.; Koleske, D.D.; Subramania, G.S.; Wang, G.T.; Wierer, J.J.; Karlicek, R.F., Jr.

Toward Smart and Ultra-efficient Solid-State Lighting. Adv. Opt. Mater. 2014, 2, 809–836. [CrossRef]
11. Bo, M.; Ohlsson, B.J.; Gardner, N.F.; Samuelson, L. Nanowire-based visible light emitters, present status and outlook. Semicond.

Semimet. 2016, 94, 227–271.
12. Lim, W.; Kum, H.; Choi, Y.J.; Sim, S.H.; Yeon, J.H.; Kim, J.S.; Seong, H.K.; Cha, N.G.; Kim, Y.I.; Park, Y.S. SiO2 nanohole arrays

with high aspect ratio for InGaN/GaN nanorod-based phosphor-free white light-emitting-diodes. Am. Vac. Soc. 2016, 34, 042204.
[CrossRef]

13. Nami, M.; Eller, R.F.; Okur, S.; Rishinaramangalam, A.K.; Liu, S.; Brener, I.; Feezell, D.F. Tailoring the morphology and
luminescence of GaN/InGaN core-shell nanowires using bottom-up selective-area epitaxy. Nanotechnology 2016, 28, 025202.
[CrossRef] [PubMed]

14. Kishino, K.; Yanagihara, A.; Ikeda, K.; Yamano, K. Monolithic integration of four-colour InGaN-based nanocolumn LEDs. Electron.
Lett. 2015, 51, 852–854. [CrossRef]

15. Adhikari, G.C.; Vargas, P.A.; Zhu, H.; Grigoriev, A.; Zhu, P. Tetradic phosphor white light with variable CCT and superlative CRI
through organolead halide perovskite nanocrystals. Nanoscale Adv. 2019, 1, 1791–1798. [CrossRef]

16. Adhikari, G.C.; Thapa, S.; Zhu, H.; Zhu, P. Mg2+-Alloyed All-Inorganic Halide Perovskites for White Light-Emitting Diodes by
3D-Printing Method. Adv. Opt. Mater. 2019, 7, 1900916. [CrossRef]

17. Chen, H.; Tan, S.; Hui, S.Y. Nonlinear dimming and correlated color temperature control of bicolor white LED systems. IEEE Trans.
Power Electron. 2015, 30, 6934–6947. [CrossRef]

18. Cheung, Y.F.; Choi, H.W. Color-Tunable and Phosphor-Free White-Light Multilayered Light-Emitting Diodes. IEEE Trans. Electron.
Devices 2013, 60, 333–338. [CrossRef]

19. Lee, A.T.L.; Chen, H.; Tan, S.; Hui, S.Y. Precise Dimming and Color Control of LED Systems Based on Color Mixing. IEEE Trans.
Power Electron. 2016, 31, 65–80. [CrossRef]

20. Malik, R.; Ray, K.; Mazumdar, S. A Low-Cost, Wide-Range, CCT-Tunable, Variable-Illuminance LED Lighting System. LEUKOS
2020, 16, 157–176. [CrossRef]

http://doi.org/10.1063/1.4898041
http://doi.org/10.1109/JDT.2007.895339
http://doi.org/10.1109/LPT.2017.2651044
http://doi.org/10.1063/1.4919526
http://doi.org/10.1023/A:1024030518065
http://www.ncbi.nlm.nih.gov/pubmed/12846415
http://doi.org/10.1016/j.apergo.2006.04.009
http://www.ncbi.nlm.nih.gov/pubmed/16756935
http://doi.org/10.1126/science.1067262
http://doi.org/10.1016/j.optcom.2015.04.001
http://doi.org/10.1126/science.1108712
http://doi.org/10.1002/adom.201400131
http://doi.org/10.1116/1.4959027
http://doi.org/10.1088/0957-4484/28/2/025202
http://www.ncbi.nlm.nih.gov/pubmed/27905321
http://doi.org/10.1049/el.2015.0770
http://doi.org/10.1039/C9NA00125E
http://doi.org/10.1002/adom.201900916
http://doi.org/10.1109/TPEL.2014.2384199
http://doi.org/10.1109/TED.2012.2228866
http://doi.org/10.1109/TPEL.2015.2448641
http://doi.org/10.1080/15502724.2018.1541747


Micromachines 2021, 12, 421 9 of 9

21. Muthu, S.; Schuurmans, F.J.P.; Pashley, M.D. Red, green, and blue LEDs for white light illumination. IEEE J. Sel. Top. Quantum
Electron. 2002, 8, 333–338. [CrossRef]

22. Empedocles, S.A.; Bawendi, M.G. Quantum-confined stark effect in single CdSe nanocrystallite quantum dots. Science 1997,
278, 2114–2117. [CrossRef] [PubMed]

23. Lei, X.; Zheng, H.; Guo, X.; Chu, J.; Liu, S.; Liu, P. Optical Performance Enhancement of Quantum Dot-Based Light-Emitting
Diodes Through an Optimized Remote Structure. IEEE Trans. Electron. Devices 2015, 63, 691–697. [CrossRef]

24. Tsao, J.Y.; Brener, I.; Kelley, D.F.; Lyo, S.K. Quantum-Dot-Based Solid-State Lighting with Electric-Field-Tunable Chromaticity.
J. Disp. Technol. 2013, 9, 419–426. [CrossRef]

25. Chen, H.; Luo, Z.; Zhu, R.; Hong, Q.; Wu, S.T. Tuning the correlated color temperature of white LED with a guest-host liquid
crystal. Opt. Express 2015, 23, 13060–13068. [CrossRef] [PubMed]

26. Chen, H.; Zhu, R.; Lee, Y.; Wu, S. Correlated color temperature tunable white LED with a dynamic color filter. Opt. Express 2016,
24, A731–A739. [CrossRef]

27. Song, H.; Lee, H.; Lee, J.; Choe, J.K.; Lee, S.; Yi, J.Y.; Park, S.; Yoo, J.; Kwon, M.S.; Kim, J. Reprogrammable Ferromagnetic Domains
for Reconfigurable Soft Magnetic Actuators. Nano Lett. 2020, 20, 5185–5192. [CrossRef]

28. Wang, S.; Chen, X.; Chen, M.; Zheng, H.; Yang, H.; Liu, S. Improvement in angular color uniformity of white light-emitting diodes
using screen-printed multilayer phosphor-in-glass. Appl. Opt. 2014, 53, 8492–8498. [CrossRef]

29. Deng, H.; Xu, X.; Zhang, C.; Su, J.; Huang, G.; Lin, J. Reprogrammable 3D Shaping from Phase Change Microstructures in Elastic
Composites. ACS Appl. Mater. Interfaces 2020, 12, 4014–4021. [CrossRef] [PubMed]

30. Farid, M.M.; Khudhair, A.M.; Razack, S.A.K.; Al-Hallaj, S. A review on phase change energy storage: Materials and applications.
Energy Convers. Manag. 2004, 45, 1597–1615. [CrossRef]

31. Zhao, Y.; Liu, J.; Wei, A.; Li, J. High-Power Light-Emitting Diodes Package with Phase Change Material. IEEE Trans. Compon.
Packag. Manuf. Technol. 2014, 4, 1747–1753. [CrossRef]

http://doi.org/10.1109/2944.999188
http://doi.org/10.1126/science.278.5346.2114
http://www.ncbi.nlm.nih.gov/pubmed/9405345
http://doi.org/10.1109/TED.2015.2508026
http://doi.org/10.1109/JDT.2012.2225407
http://doi.org/10.1364/OE.23.013060
http://www.ncbi.nlm.nih.gov/pubmed/26074559
http://doi.org/10.1364/OE.24.00A731
http://doi.org/10.1021/acs.nanolett.0c01418
http://doi.org/10.1364/AO.53.008492
http://doi.org/10.1021/acsami.9b20818
http://www.ncbi.nlm.nih.gov/pubmed/31872759
http://doi.org/10.1016/j.enconman.2003.09.015
http://doi.org/10.1109/TCPMT.2014.2359621

	Introduction 
	Principles and Experiments 
	Results and Discussion 
	Conclusions 
	References

