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Thermal simulation and packaging of vertical GaN/Si

LED with large size chip
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To achieve ultra-high power Light-Emitting Diode(LED), we developed a thermal simulation to design and fabricate a vertical
structure LED based on Si substrate with a large size of 3 mm x 3 mm chip. It was found that the luminous flux of packaged
LED increases with the increase of driving current and reaches 1284 Im at 5A. Moreover, the thermal resistance and junction
temperature are 1.99°C/W and 66.96°C respectively, which are consistent with the simulated results. Due to its excellent
optical and thermal properties, the vertical GaN/Si LED has importantapplications in special high brightness fields.
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1. Introduction

Light-Emitting diodes (LEDs) are e xcellent candidates
to replace the traditional light sources for various
applications due to higherenergy efficiency, longer lifetime
and environmental friendly [1-2]. Ultra-high power LEDs
are paid more and more attention to get higher light output
performance in street lamps, stage lamps, interior and
exterior automotive lighting illumination and other special
high brightness fields of application [3]. To achieve higher
luminous flux it is necessary to drive the LED to a high
current density level, which evidently engenders a large
part of heat and increases the junction temperature of the
device due to the Joule heating at the p-n junction [4].
Therefore, thermal problem is becoming more important
with the increase of input power, which is considered to be
the direct cause of the limited performance and failure of
LEDs [5-6]. Moreover, for the case of GaN/sapphire LED,
heat dissipation becomes the most crucial problem due to
the poor thermal conductivity of sapphire [7]. To solve the
thermal problem and lower the junction temperature in the
high power GaN/sapphire LEDs, one of the main methods
such as replacing sapphire substrate and transferring onto
an electrically and thermally conductive Si substrate, has
been developed to improve thermal dissipation [8].
Furthermore, compared with the lateral current conduction
of GaN/sapphire LEDs, the vertical GaN/Si LEDs solve the
current crowding effect due to the N and P electrodes are
formed on upper and lower surfaces of LED. The vertical
GaN/Si LEDs also have the advantages of single surface
lighting and good directivity [9-12].

Some researchers reported the improvement and
measurement of the performance parameter in white LED
device with different packaging structures. However, few
experimental studies on the optical property and thermal

characterization of greater LED chip have been
investigated, especially, for vertical GaN/Si LED with a
large size of 3mmx3mm chip. Therefore, it is novel and
important to evaluate the optical and thermal performance
of the packaged LED. In this paper, thermal simulation
using FIoEFD software [13] is developed by considering
the different sizes of chip at first, and we package a vertical
GaN/Si LED with a large size chip of 3mmx3mm. The
optical performance of LEDs at the driving current is
measured via the photoelectric analysis system. Moreover,
thermal transient method is used by TRA-200 LED thermal
resistance structure analyser of Everfine Corporation for
determining thermal parameters. The values of thermal
resistance and junction temperature are obtained by
analysing the thermal transient curves of LEDs using
TRA-200 Software. The results of simulation and
experiments confirm that the packaged vertical GaN/Si
LED has excellent optical and thermal performance.

2. Thermal simulation and experiments

First of all, to predict the influence on the ability of
heat dissipation with different chip sizes, thermal
simu lations have been performed using FloEFD software.
Simulation models are developed to establish by
SolidWorks software, which is consistent with the designed
shape of packaged LED. The component materials of the
model are GaN/Si chip, high conductivity Ag paste and
AIN ceramic substrate, with thermal conductivity of 140,
78 and 170W/(m.K), respectively. The computational
domain is set as 0.3 m x 0.3 m x 0.3 m, and all surfaces are
non-radiant surface. The ambient temperature is set to 25°C,
and the same thermal power of 3.6W is set to simulate the
thermal distribution of LEDs with different size chips. The
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thermal resistance is defined as the ratio between the
temperature variation and heat dissipation power as shown
in the following equation [14]:
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where Rinjx, Tj, Tx, 47 and Phey represent the thermal
resistance from junction to reference X, junction
temperature, reference  temperature, variation of
temperature and heat dissipation power, respectively.

The simulation results of temperature distribution were
obtained as shown in Fig. 1. T; and T, of LED with large
size chip of 3mmx3mm based on Si substrate is 68.69 and
60.41°C, while 79.59 and 60.44°C for LED with small size
chip of Immx1mm. Thus, the calculated thermal resistance
of LED with large size chip of 3mmx3mm is 2.30°C/W,
while small size chip of Immx1mm is 5.32°C/W. These
calculated results indicate that the large size chip has better
ability of heat dissipation, which means the higher
reliability.
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Fig. 1. Thermal distributions for vertical GaN/Si LED
with different size(a) 3mm X3mm (b) Imm X1mm

According to the simulation results, we chose the
450nm vertical GaN/Si chip with large size of 3mmx3mm
to package the ultra-high power LED. Fig. 2 shows the

schematic structure of the packaged LED and top view of
packaged LED device using electron microscope. The
P-electrode of chip was bonded by silver paste on the
positive electrode region of AIN ceramic substrate, and the
N-electrode was connected with the negative electrode
region of the ceramic substrate through the gold wire. A
hemispherical lens was covered on the ceramic substrate,
and a mixture of silicone and phosphor is filled in the
middle. Then the AIN ceramic substrate was mounted on a
hexagonal copper plate by solder paste, which was used as a
power portand a heat sink to transport heat to radiator.
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Fig. 2. (a) Schematic structure and (b) Top view
of packaged LED

The luminous flux of the packaged LED was measured
using the HAAS-2000 Photoelectric Analysis System
manufactured by the Everfine Corporation with a
50-cm-diameter integrating sphere. The thermal parameters
of the packaged LED was measured using the TRA-200
LED thermal resistance structure analyzer manufactured by
the Everfine Corporation, according to the changes of
temperature during cooling conditions, with the light output
power excluded [15]. The packaged LED was placed on a
heat sink inside a standard still-air testing oven with an
ambient temperature of 25°C. The purpose of the standard
still-air testing oven is to reduce the fluctuation of ambient
air which tends to affect the thermal data during the process
of measurement [16]. The packaged LED was driven with
lower operating current to prevent self-heating effect at the
junction during the testing process [17]. The testing current
generally chooses the current corresponding to the voltage
inflection point on the I-V curve. The heating current and
the measurement current in the experiments were 2000 and
1.5 mA, respectively. The temperature sensitive parameter
(K-factor) of packaged LED was determined with the
measurement current in a standard measurement using
temperature-controlled device and measured from 20 to
70°C, increasing at a constant interval of 10°C [18]. After
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that, the packaged LED was subjected to cool equilibrium
with ambient temperature surrounding (T,= 25°C) and
allowed LED to cool down to achieve temperature
stabilization before driving of the heating current. The cool
equilibrium lasted 1 minute and then turned to the mode of
thermal equilibrium. After 10 min of heating at current of
2000 mA, the LED was switched to sensing mode, which
used 1.5 mA of measurement current. Then, the cooling
curve of heat flow fromthe packaged LED to ambient was
captured. The thermal resistance and junction temperature
were obtained by analyzing the thermal transient curves of
TRA-200 Software.

3. Results and discussion

Fig. 3 shows the luminous flux of packaged LED with
the driving current ranging from 0.5A to 5A. We can see
that the luminous flux increases with the increases of
driving current, and the luminous fluxcan be up to 1284 Im
at the driving current of 5A.
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Fig. 3. Luminous flux of packaged LED as a
function of driving current

Thermal resistance and junction temperature can be
obtained by analyzing the change of transient forward
voltage during cooling [15]. The K-factor of the LED was
determined using a temperature-controlled device at 20°C,
30°C, 40°C, 50°C, 60°C, 70°C, and a testing current of
1.5mA to prevent self-heating effect at junction. The
forward voltage of the LED has a linear relationship with
junction temperature. The LED K-factor is obtained from
the following equation [17]:

K = AT, /AV, @

where K is LED K-factor, 47; and 47; are change in
junction temperature and forward voltage, respectively.
Here, the K-factor of testing LED is -0.56 °C/mV. The
corresponding thermal resistance and junction temperature
are calculated from the following equations [18]:

Pais= Pe— Popt Q)
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In the equations, Pgis, Pe, Popt, Rinja, Tj @and T, represent the
heat dissipated power, input electrical power, light output
power, total thermal resistance, junction temperature and
ambient temperature, respectively.

In the experiments, electrical power, light output
power and heat dissipated power of the LED under driving
current of 2000 mA are 5814.00, 2207.17 and 3606.83 mW/,
respectively. The total thermal resistance can be obtained in
the differential structure function or cumu lative structure
function via thermal transient curves, as shown in Fig. 4.
Thus, the junction temperature of testing LED under the
driving current can be calculated using (4) and (5). The
thermal resistance and junction temperature under driving
current of 2000 mA are 1.99 °C/W and 66.96 °C
respectively, which are in good agreement with our
theoretical results by thermal simu lation as shown in Table
1. Form this point of view, the packaged LED has low
thermal resistance and junction temperature. It can be
attributed to good current expansibility to emit less heat and
good thermal conductivity of Si substrate to conduct the
heat quickly, and the similar phenomenon has also been
reported by Jiang et al. [19].
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Fig. 4. (a) Cumulative structure function (Cy,) and (b)

differential structure function (Ky,) of vertical GaN/Si
LED with large size chip
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Table 1. Junction temperature and thermal resistance
of vertical GaN/Si LED with large size chip in
measurement and simulation

Junction Thermal
temperature resistance

°C) (°C /W)
Testing value 66.96 1.99
Simulatedvalue 68.69 2.30

To sum up, the vertical GaN/Si LED with large size
chip not only improves the current distribution to increase
the luminous intensity, but also reduces the thermal
resistance and junction temperature to improve the
reliability. Thus, this kind of LED can greatly improve
driving current to obtain higher luminous flux output, and
have important applications in street lamp, stage lamp,
automotive lighting illumination and other fields.

4. Conclusion

In this work, we designed and fabricated one vertical
GaN/Si  LED with excellent optical and thermal
performance, which has broad applications in street lamp,
stage lamp, automotive lighting illumination and other
special high brightness fields.
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