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ABSTRACT The high junction temperature for a working light-emitting diode (LED) will lead to a decrease
in luminous efficiency, redshift in wavelength, and shortened lifetime. Conventional cooling methods such as
air cooling and water cooling cannot meet the heat dissipation requirements of highly integrated high-power
LED cooling systems. A thermoelectric cooler (TEC) has the characteristics of small size, long life, light
weight and high reliability, which can effectively reduce the operating temperature of an LED, obtain higher
luminous efficiency and improve its service life. In this paper, LED cooling systems with integrated TEC
packaging are studied by experiments. Through the comparison of RGBWLED, the influence of temperature
on LED is observed, especially the optical characteristics such as spectrum, irradiance and CRI. By observing
the board temperature and regulation of optical parameters, the optical characteristics of an LED with an
integrated TEC thermal package are significantly improved. For RGBLEDs cooled by a TEC and large-sized
heat sink, the wavelength of the red LED is restored by 5 nm. In the case of a white LED cooled by a TECwith
a small-sized heat sink, the illuminance is increased by 3 times from 26,768.93 Lux to 82,962.79 Lux with
TEC power increased from 0W to 14.4W.As an effective refrigeration device for LEDs, a TEC can supply an
extra performance regulationmethod for realizing a controllable cooling environment. By integrating RGBW
LEDs with a TEC, this study provides a solution for LED heat dissipation and studies TEC temperature
control for the optical performance of LEDs to provide a basis for adjusting the optical performance of
LEDs through a TEC.

INDEX TERMS Light emitting diode cooling system, thermoelectric cooler package, luminescence wave-
length, luminous efficiency.

I. INTRODUCTION
Light-emitting diodes (LEDs) are compound semiconduc-
tor lighting devices, which have been regarded as one of
the most valuable light sources in the 21st century due to
their many incomparable advantages over other conventional
counterparts [1]. Conventional incandescent and fluorescent
lamps will be broadly replaced by LEDs for general lighting
in the future due to their potential for substantial energy
savings, extremely high efficiency, small size, and long life-
time [2]–[4]. As a result, LEDs have been applied in many
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applications, such as backlighting for cell phones and other
LCD displays, interior and exterior automotive lighting, large
signs and displays, signals and projection [5]. Until recently,
the power of a modern LED chip is typically above 1 W,
even up to 10 W, with a chip area of less than 1 mm2, which
will result in a heat dissipation problem in the LED chip [6].
Approximately 30 to 40% of the LED power consumption
can be converted into light, while the remainder will be
dissipated as heat focused on the LED p-n junction [7], [8].
Meanwhile, the performance of LEDs is very sensitive to their
operating temperature. A high junction temperature will lead
to a dominant luminescence wavelength drift, decline in the
optical efficiency, as well as degradation of the lifetime of
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the phosphor [9]–[11]. Thus, it is crucial to propose effective
thermal management to decrease the junction temperature in
LED applications.

Existing methods exist for enhancing heat spreading in
the heat sink base. For example, vapor chambers with a
phase-change heat transfer mechanism and insulating heat
dissipating plastics are available to spread the heat. Vapor
chamber heat sinks demonstrate advanced thermal perfor-
mance, which may avoid heat accumulation and achieve a
lower rate of increasing temperature. However, the system is
filled with air when out of use, probably resulting in inner
wall corrosion and short service life. Under transient fluctu-
ation of heating, invalid heat loses occur greatly because of
the leaking joint between pipe fitting and radiator. Organic
composite heat-conducting plastics aremore environmentally
friendly. They consume less energy than metal materials
and pollute less during production. However, because most
heat dissipating plastics are made of PA materials, a slight
difference in the formula will probably give rise to crack-
ing problems due to their strong moisture absorption ability.
Comparedwith these schemes, the proposed scheme has a rel-
atively small size, light weight and long life. Through experi-
ments, the optical characteristics of an LED are improved and
the luminous flux is increased due to a decrease in the junc-
tion temperature with enhanced thermoelectric cooler (TEC)
cooling power. Additionally, wavelength shift is effectively
prevented.

To create white light from LEDs, two distinct approaches
have been adopted: (i) use of multispectral LED sys-
tems (such as RGB LED light sources for projectors), and
(ii) the combination of a wavelength downconverting
phosphor with a blue or ultraviolet LED [12]. The
multichip RGB approach allows for high color rendi-
tion, chromaticity-point stabilization, and color adjust-
ment [13], [14]. However, it will lead to a strong temperature
dependent performance with high cost. Due to the varying
temperature dependence of the emissivity of the spectral
channels (red, green, blue), the summarized optical spectrum
from such a light source will be changed with temperature
variation. To solve this problem, some cooling solutions are
employed in high-power LED applications, such as use of a
fan, heat sink and heat pipe. In addition, many researchers
and high-power LED manufacturers have launched a series
of new enhanced LED chip cooling methods. Luo and
Liu proposed a microjet-based cooling system for the
thermal management of high-power LEDs [15]. The sub-
strate temperature remained stable at approximately 36.7 ◦C
for a micropump flow rate of 9.7 mL/s, which demon-
strated that the cooling system had good performance. Min-
seok and Samuel conducted a thermal analysis of high-
power LED packages implementing a chip-on-board (COB)
architecture combined with a power electronic substrate
focusing on the heat spreading effect [16]. Acikalin et al.
used piezoelectric fans to cool LEDs, which could effec-
tively decrease the heat source temperature [17]. Under
optimal conditions, an enhancement in the convective heat

transfer coefficient exceeding 375% relative to natural con-
vection was observed, resulting in a temperature drop at
the heat source of more than 36.4/spl deg/C. Among the
numerous effective methods for LED heat dissipation, ther-
moelectric cooling is a comparatively excellent way for
mainstream applications, showing its merits of cleanness,
noiseless, high reliability and high cost performance [18].
Thermoelectric cooling is a refrigeration method based on
the ‘‘Peltier effect’’, which is the inverse of the Seebeck
effect [19], [20]. P- and N-type thermoelectric legs are con-
nected electrically in series and thermally in parallel, which
can drive the thermal energy from one side to the other
side. A refrigerating system was designed to cool high-power
LEDs with a TEC by Li et al., and the result indicated that
the junction temperature could be controlled within 45 ◦C
when the TEC worked at an optimum current [21].
Zhong et al. researched an LED integrated with a thermo-
electric cooler package. The LED integrated with a TEC
achieved an electric energy saving of 22.34% and 44.73%
under the condition of 20 W and 30 W power dissipation
of the LED chip contrasted to the fluorescent lamp, respec-
tively, but sacrificed 2.71% power under 10 W [22], [23].
Li et al. set up an automatic system based on a TEC,
a PWM fan, and microcontroller. The result demonstrated
that the automatic cooling system had a high cooling effi-
ciency where the maximum LED power cooled by the sys-
tem was 106.7 W; the total power consumption of the
automatic cooling system was only 8.85 W [24]. For fur-
ther cooling and reduction of packaging, V. Semenyuk and
R. Dekhtiaruk designed an improved TEC configuration with
an LED based on an IMS-PCB and circuit integrated into the
body of the TEC, which reduced the LED operating temper-
ature, provided increased light output and greatly improved
the LED lifetime [25]. In the studies above, most of the work
involved high-power white LEDs and TECs, but the influence
of TEC cooling on the thermal and optical properties of
trichromatic LEDs was rarely studied.

In general, researchers have come to some important con-
clusions through various experiments and simulations. How-
ever, there are some shortcomings in these methods: passive
cooling solutions cannot fundamentally solve the problem of
LED heat dissipation; changing the production process for
the LED packaging or the optimization of materials increases
the cost substantially. In this paper, experiment RGBWLEDs
based on a TEC active cooling system and a passive cooling
system without TEC were experimentally studied. The pack-
age size of the LED cooling system was effectively reduced
by use of a TEC. By observing the junction temperature and
the change in the optical parameters, such as wavelength,
CCT, CRI, light intensity, and illumination, the optical char-
acteristics of the LED under the integrated TEC thermal
package were significantly improved.

II. TEMPERATURE-DEPENDENT RGBW LED
When a LED chip is working, a part of the electrical energy
is converted into heat energy. If the generated thermal energy
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cannot be transmitted to the outside in time, the heat will be
accumulated at the PN junction in the LED, which will lead to
a rise in temperature. The induced temperature increase will
lead to an increase in the junction current, further accumulat-
ing an amount of heat, which will result in the LED to tem-
porarily stop shining or even burn out. If the heat dissipation
capacity is strong enough, the LED operating temperature
will bemaintained in a normal range. However, if the working
temperature is too high due to weak heat dissipation, the
LED characteristics will be degraded.

Red-green-blue three primary colors are emitted by
trichromatic LED chips, where the current is regulated by
an integrated circuit for each color. By adjusting the current
in the LED chips, the luminous intensity of the three chips
will change correspondingly. Synchronously, the trichromatic
lightmixing ratiowill be changed. As a result, a variety of col-
ors are converted and generated. RGBW technology is based
on the addition of a W white subpixel on the original RGB
primary colors, becoming a four-color pixel design, which
greatly improves the transmittance of the liquid crystal panel.
When displaying the same brightness picture, the power
consumption is lower. Under the same power consumption,
the brightness is greatly increased. In our work, the LED
chip used was a L24-ZRGBW type produced by BIVAR. The
package structure of the LED chip is given in Fig. 1, where
the numbers 1 to 4 represent red, green, blue and natural
white LED, respectively. The LEDs are connected to a supply
through the anode and cathode interface, 1+ and 1-, for exam-
ple. Detailed LED parameters are shown in Table 1. LEDs
act as a semiconductor diode with a volt-ampere character-
istic whereas the volt-ampere characteristic is temperature
dependent. As the temperature increases, the forbidden band
width of the material will be decreased, which in turn will
result in a decrease in the maximum current. As the tem-
perature increases, the concentration of electrons and holes
increases, the band gap decreases, and the electron mobility
decreases. Furthermore, the probability of recombination of

FIGURE 1. LED chip package structure.

TABLE 1. Assembly configurations.

electrons and holes in the potential well decreases, resulting
in non-radiative recombination, thereby reducing the internal
quantum efficiency of the LED. In general, the luminous
flux will be decreased with increasing junction temperature,
the process of which is reversible.

The peak wavelength is the wavelength at which the light
intensity is the largest, so it is generally taken as the observed
point. Obviously, a change in the wavelength of the LED
light caused by the junction temperature will directly affect
the perception of the color of the LED by the human eye.
For an LED device, the forbidden band width value of the
luminescent material directly determines the wavelength or
color of the device illumination. As the temperature rises,
the forbidden band width of the material will be decreased,
resulting in a longer emission wavelength for the device and
a bathochromic-shift in color.

Similarly, the LED light distribution, correlated color tem-
perature (CCT), and color rendering index (CRI) will be
influenced by the temperature as well. The refractive index
of the light-transmitting material is affected by the junction
temperature, which changes the spatial distribution of the
light emitted by the LED, i.e., the light distribution. When
the temperature is high enough, the blue light peak shifts to
a longer wavelength position, and the peak of the phosphor
becomes flat and deteriorates, which results in a high CCT
and deterioration of the CRI.

In general, temperature has a great negative impact on the
performance of the LED. Therefore, it is necessary to control
the junction temperature of the LED in a reasonable and
effective way.

III. LED PACKAGE STRUCTURE WITH AN
INTEGRATED TEC
A typical TEC consists of many p-n-doped thermoelectric
elements sandwiched between two electrically insulated but
heat-conducting ceramic plates [26] and [27], as shown
in Fig. 2. When a TEC is applied to an LED, as shown
in Fig. 3, its performance needs to be evaluated, and the
cooling specification needs to be selected in advance. First,
the TEC model needs to meet the cooling requirements for
LED heat dissipation. Second, a suitable size and package
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FIGURE 2. The structure of TEC.

FIGURE 3. The package schematic for an LED and TEC.

are chosen to assemble conveniently. Considering the power
and size of the LED, a TEC1-12706 type cooling device was
selected in our work. This TEC has 127 pairs of thermocou-
ples, which are arranged in a square array of thermal parallel
and electrical series. The detailed parameters for the selected
TEC model are given in Table 2:

TABLE 2. The performance of the TEC.

IV. HEAT DISSIPATION EXPERIMENT
The working conditions for the experiment are shown
in Tab. 3.

The devices involved in the experiment are as follows: an
RGBW LED chip, commercial TEC, heat sinks with dimen-
sions of 40mm× 40mm× 10mm and 100mm× 100mm×
20 mm, MK350N illumination spectrometer, voltage
source, thermometer and silicone grease, respectively. The
LED spectrometer MK350N is applied to measure LEDs.

TABLE 3. Working conditions of the experiment.

The LED spectrometer performs a spectral analysis on light,
which is emitted by LEDs. The spectrometer measures
besides the color spectrum also the illumination level in Lux,
the color temperature and many other parameters, which are
used for the selection of LEDs.

LEDs, TECs, and different sized heat sinks are bonded by
silicone grease. LEDs and TECs are connected together to the
same power source. The experimental scheme is divided into
4 cases: 1) LED + Small Heat sink, 2) LED + Large Heat
sink, 3) LED + TEC + Small Heat sink, 4) LED + TEC +
Large Heat sink, which are shown in Fig. 4.

FIGURE 4. Experimental diagram for different combinations of LED heat
dissipation.

Based on the four different heat sink combinations, the size
of the heat sink, LED with and without TEC, the on-board
temperature changes are investigated to analyze the TEC
cooling for LED heat dissipation. Then, the board temper-
ature of the LED is measured by a thermometer through
physical contact with the Tc of the LED chip. The illumi-
nation spectrometer is located approximately 1 cm above
the LED, as shown in Fig. 5. After the LED chips for the
RGB channel are connected and supplied with the rated
power, the board temperature of the LED under different
conditions is measured by the thermometer.
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FIGURE 5. LED optical parameter measurement. (a) Sketch map. (b) Experimental diagram.

V. RESULTS AND DISCUSSION
Normally, the change of junction temperature of LED will
have an effect on the LED voltage. The relationship between
the voltage and temperature is illustrated in Fig. 6. As given
in Fig. 6(a) and Fig. 6(c), the voltage of LED rises when
the junction temperature falls. On the contrary, as shown
in Fig. 6(b) and (d), the voltage decreases when the tempera-
ture rises. Compared with temperature, the change of voltage
is tiny. It probably caused by the change of semiconductor
resistance value.

FIGURE 6. Comparison of LED voltage and temperature.

As shown in Fig. 7, the larger the specification, the better
the heat dissipation effect. However, an excessive heat sink
size affects the packaging and causes inconvenience for the
use of the device. Also, it can be seen that no matter large
heat sink or small one cannot make LED chip achieve the goal
of fast stability. The generated thermal cannot be effectively
derived away on passive heat dissipation only by the heat

sink. RBGW LEDs work stably for four channels at the rated
power. After the TEC is switched on by a voltage of 5 V, the
temperature of the LED substrate drops significantly by more
than 10 ◦C compared to the configuration with only heat sink
cooling.

In Fig. 7 (a), when the heat is dissipated in the LED only
through a small-size heat sink, the LED board temperature
is higher than 40 ◦C at 1 min, and continues to rise. The
large-size heat sink illustrated in Fig. 7 (b) has a much better
heat dissipation effect than the small heat sink, but the board
temperature remains higher than 35 ◦C. Compared with pas-
sive cooling, the LED is then connected to the TEC for active
cooling, as shown in Fig. 7 (c) and Fig. 7 (d). Since the TEC
has not been powered on and no direct contact between LED
and heat sink, its passive heat dissipation is much worse than
the heat sink: the initial temperature of the LED is higher than
the LEDwith no TEC connected. Fig. 7 (c) shows that the heat
generated by the LED is dissipated by the TEC and small heat
sink, where the temperature is maintained at approximately
30 ◦C, which was determined until the temperature no longer
showed a change for approximately 10 min. Fig. 7 (d) shows
the LED heat dissipation using a TEC and large-scale heat
sink package. This method has a very good heat dissipation
effect on the LED, the temperature of which is maintained
at approximately 17 ◦C, even lower than room temperature.
As shown in Fig. 8, the board temperature of the LED is
approximately 30 ◦C in the two heat dissipation modes for
the size of the heat dissipation package for an LED can be
greatly reduced by using a TEC for heat dissipation. Although
the TEC is under the heat dissipation conditions of the TEC
and the large-scale heat sink, the temperature of the LED is
already lower than room temperature. In this way, one can
ensure normal use for the LED, while the optical character-
istics remain unaffected. For accuracy and authenticity of the
experiments, board temperature have be measured 10 times
at each node. Transient behavior of LED board temperature
and error bar was shown in Fig. 9. Since the heat dissipation
requirements for three LEDs are relatively large, the thermal
performance of the large-scale heat sink and TEC is chosen as
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FIGURE 7. Change in LED temperature for different heat dissipation methods.

a research object. In such a condition, the optical performance
of the LED is measured by a spectrometer. The RGB channel
of the LED chip is turned on with rated power, and the TEC
performs cooling at varying voltages of 0 V, 2 V, 4 V, and
6 V, respectively. TEC 0V under nonworking conditions is
mainly used for the purpose of conducting a comparison in
experiments. As shown in Fig. 8, as the board temperature
is continuously decreased, and the spectral curve thereof
changes to some extent: the irradiance of the blue light wave
gets smaller from 1750 mW/m2 to 1526 mW/m2; the irradi-
ance of the green light wave basically remains unchanged;
the irradiance of the red light wave goes up and then goes
down, and the value of the irradiance at 0 V and 6 V is the
sam e. Due to the cooling power of TEC 2V is small, the heat
generated by the LED system including the electric power
of the TEC cannot be dissipated in time, which causes the
irradiance of red light to rise on account of the red light is
most affected by the junction temperature, When the TEC
cooling power continues to increase, the radiating of LED
achieves the cooling effect, as a result the irradiance of red
light diminished gradually.

Since the heat cannot be effectively dissipated in TEC 0V,
the junction temperature of the LED is too high, and the

FIGURE 8. Comparison of LED board temperature.

wavelength will be red-shifted. When the thermal energy
is effectively dissipated by the TEC in the LED, the light
emission wavelength shifts to shorter wavelengths. As a
result, the redshift phenomenon caused by the high board
temperature is alleviated.

Considering that different chips have different lumi-
nous decay characteristics, the peak wavelength of the
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FIGURE 9. Relationship between transient temperature and timing points.

FIGURE 10. Spectrogram of the LED of the RBG channel.

three-primary light shifts differently when the chips work and
heat up. As shown in Table 4, the red light is most obvious in
the process of lowering the board temperature. For a voltage

TABLE 4. Change in LED wavelength for an RGB channel with TEC cooling.

of 2 V, the TEC starts working for active cooling, providing
an effective cooling for LEDs, so the wavelength of the red
LED is restored to 3 nm.When the voltage is increased to 4 V
or even to 6 V, the TEC reduces the temperature of the LED
chip to near room temperature. The passive heat dissipation
of the environment is greatly reduced, which means that the
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TABLE 5. Changes in optical performance of white LEDs during TEC cooling.

FIGURE 11. Spectrogram of white LED.

working load of the TEC is larger, so the change in the
wavelength recovery is not obvious. The peak wavelength is
restored by 5 nm in the direction of shorter wavelengths in
the range of 0 V to 6 V. This illustrates that excessive board
temperature obviously causes the red light to redshift. power.
Since the power of the white LED is small, a small-sized heat
sink and a TEC are used in our experiment. Then, its optical
characteristics are measured by a spectrometer.

Similarly, the white LED chip is also turned on at the
rated It can be clearly seen from Fig. 9 that the irradiance
of each band becomes significantly stronger as the input
power of the TEC increases. The peak amplitude with a
power of 6 V TEC is 3 times that for a power of 0 V. When
the voltage of the TEC is 6 V, the power consumption of
the TEC reaches 14.4 W. This results in a clear increase
in irradiance with a 6 V TEC; as the voltage increases, the
power doubles. As the temperature decreases, the band gap
and electron mobility are increased while the concentration
of electrons and holes is decreased. In addition, the proba-
bility of recombination of electrons and holes in the poten-
tial well increases, thereby increasing the internal quantum
efficiency of the LED. As shown in Table 5, the changes in
the various parameters can be seen in detail. As the temper-
ature decreases, a slight improvement in CRI indicates that
the decrease in the board temperature is advantageous for
improving the ability of the light source to reproduce color.
The irradiance improves 3 times with increasing TEC cooling
power. This signifies that the light characteristics of the LED
are improved and that the luminous flux is also increased due
to the decrease in board temperature.

From the above experiments, the board temperature of
the LED is effectively controlled by the TEC cooling, and

the package size of the LED heat dissipation system can be
reduced by a reasonable combination of the TEC and heat
sink. When the board temperature is effectively controlled by
the TEC, the optical performance of the LED is significantly
improved. In the case of using a TEC and small heat sinks for
white LED cooling, the illuminance is increased by 3 times
from 26,768.93 Lux to 82,962.79 Lux with the TEC power
increasing from 0 W to 14.4 W. Although the CRI changes
very weakly, the CRI continues to increase when the TEC
voltage increases continuously. The CCT is stable between
3990 K and 4000 K, but it does not change with the change
in the TEC, so it is an irrelevant parameter in this experiment.
The offset of x-y chromaticity values is also very small due
to the small temperature change.

VI. CONCLUSION
LED chip cooling by a TEC through experimental methods
is studied in this paper, and the optical characteristics of the
RBGW LEDs such as spectrum, irradiance, CRI and other
optical characteristics are measured and analyzed. Compared
to the passive heat dissipation method in which only a heat
sink is involved, a TEC exhibits a good heat dissipation
effect. When the LED is cooled by a TEC and large-sized
heat sink, the working board temperature of the LED is only
17 ◦C. By the regulation of optical parameters, the optical
characteristics of the LEDs are obviously improved under the
condition of a TEC participating in heat dissipation. In addi-
tion, thewavelength of a red LED is restored by 5 nm for RGB
LEDs dissipated by a TEC and large-scale heat sink. In the
case of using a TEC and small-sized heat sinks for white LED
cooling, the illuminance increased from 26,768.93 Lux to
82,962.79 Lux. As a good cooling device, a TEC can provide
a reliable and controllable working environment for an LED.
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