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Thermal analysis and an improved heat-dissipation
structure design for an AlGalnP-LED micro-array device’
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This paper describes a novel finite element thermal analysis model for an AlGalnP-LED micro-array device. We also
conduct a transient analysis for the internal temperature field distribution of a 5x5 array device when a 33 unit is
driven by pulse current. In addition, for broader applications, a simplified thermal analysis model is introduced and its
accuracy is verified. The internal temperature field distribution of 100x100 units is calculated using the simplified
model. The temperature at the device center reaches 360.6 °C after 1.5 s. In order to solve the heat dissipation problem
of the device, an optimized heat dissipation structure is designed, and the effects of the number and size of the heat

dissipation fins on the thermal characteristics of the device are analyzed.
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The AlGalnP-LED micro-array device with ultra high
resolution has become the focus of research in recent
years. However, many factors, such as unit arrangement,
unit structure, device materials, and the fabrication proc-
ess, will affect its thermal characteristics!' . Normally,
the LED micro-array devices are still at the experimental
stage and no mature product is available on the mar-
ket® "), Thermal characteristic analyses of LED arrays
are mainly carried out for single LEDs and arrays of
these, while thermal characteristic analyses of LED mi-
cro-arrays are rare’'". A good understanding of the
thermal behavior of AlGalnP-LED micro-array devices
is important for both device structure optimization and
fabrication process improvement!'' 4],

This paper introduces a novel three-dimensional finite
element model for an AlGalnP-LED micro-array device.
We also calculate and analyze the temperature distribu-
tions of AlGalnP-LED micro-array devices in different
working conditions. We design an optimized heat dissi-
pation structure that can significantly improve the tem-
perature distribution in LED micro-array devices. It also
permits control of the steady-state temperature in a prac-
tical range during device operation.

During the operation of LED micro-array devices, the
internal temperature distribution follows the differential

equation for heat conduction:
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It is based on energy conservation and the Fourier law.
Here, g, is the thermal power density, 7 is the transient
temperature field, X,, K,, K. are the thermal conductivi-
ties in three directions, respectively, p is the material
density, and ¢ is the specific heat of the material ">,

Both additional boundary conditions and initial condi-
tions are necessary to find the unique solution for the
heat conduction differential equation!'®'”). Considering
the heat transfer between the fluid and the solid, and as-
suming that the temperature of the fluid medium 7} and
the heat transfer coefficient o between them are known,
the equation can be written as
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In addition, the temperature distribution for the ob-
ject at any moment is determined, and the initial con-
dition for the general temperature field is expressed as

T, =9 3)
where ¢ is a known function that describes the temperature
distribution for the object at the initial moment.
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According to the differential equation for heat conduc-
tion, the temperature field distribution is related to the
specific heat, the heat transfer coefficient, and the density
of the material. This assumes that the boundary condi-
tions and the thermal power density are known™. The
3x3 AlGalnP-LED micro-array structure is shown in
Fig.1.
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Fig.1 AlGalnP-LED micro-array structure

The thickness of the array device is 100 pm, the pe-
riod of the array unit is 100 um, and the size of the
light-emitting unit is 80 pm>80 um. Adjacent units are
separated by polyimide with spacing of 20 um. The
light-emitting units of each row share the same anode,
while the light-emitting units of each column share the
same cathode. The shape of the anode electrode is the
loop type to ensure a light emitting area large enough
and current uniformity.

Considering a flat wall with a thickness of L, sur-
face area of A4, and thermal conductivity of K, the
thermal resistance is expressed as

L

Rcond = a : (4)

As for the structure shown in Fig.2, the volume of the
light-emitting unit is ¥=10"2m’. Considering the layers
of different materials, the thermal resistance relationship
of the unit structure can be divided into a lateral equiva-
lent thermal resistance network!'”?'l This can be re-
garded as a GaP layer, an AlGalnP layer, and a GaAs
layer in parallel, which is linked with PI layer in series
and then linked with the electrode layer in parallel.
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Fig.2 Thermal resistance model of the light-emitting
unit

According to Eq.(4), the thermal resistance of each
layer is calculated and listed in Tab.1.
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Tab.1 Heat resistances of different layers

Material Au
Thermal resistance 5 5 4 ) 5
2.09x10° 1.8x10° 4.36x10" 2.42x10° 8.3x10
(K/W)
According to Tab.1, the total thermal resistance of a
unit is

GaP  AlGaInP  GaAs PI

R =

total 1
1 1 R,
—t +R, Ry,
RGaP R
Transient analysis is carried out for the temperature
distribution of 3x3 light-emitting units located at the

center of the array, which is driven by a pulse current of
50 Hz, 0.6 mA, as shown in Fig.3.

=10.2x10° (K/W). (5)
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Fig.3 Pulse current

The path P (shown in Fig.4) between point 4 (x=—24
pm, y=0 pm, z=92 pm) and point B (x=24 um, y=0 pm,
z=92 um) is created to obtain the temperature distribu-
tion for the active layer in x-direction.

Fig.4 Schematic diagram of path P

Fig.5 shows the temperature distribution curves for
1.97s, 1.98 s, 1.99 s and 2.00 s along the path P during
the 3%3 unit operation. When several units work at the
same time, the peak of the temperature distribution curve
appears in the middle due to heat overlap.

Fig.6 shows the temperature variation in the center of
the active layer inside the central unit. The temperature
oscillates and increases with time, and it reaches the
maximum (112.1 °C) after 2.00 s operation. The heat
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generated by the 3x3 unit operation is 9 times of that
generated by a single unit. Without considering the heat
dissipation and heat transfer away from the 5x5 array,
through Eq.(6), the average temperature rise of
AT=202.5 °C is obtained after 2.00 s. When the heat dis-
sipation and heat transfer away from the 5x5 array are
taken into account, the actual temperature is smaller than
this value. The maximum observed temperature rise for
the array is 92.1 °C at 2.00 s, which is less than AT7. This
validates the calculated results.
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Fig.5 Temperature distribution curves at different time
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Fig.6 Temperature distribution at 1.99 s

Since the number of pixels is large in the array and the
structure is complex, the finite element division, com-
puting time and computer configuration are limited. It is
difficult to build a model and calculate it in full accor-
dance with the actual physical structure due to the large
calculation power needed. Thus, it is necessary to sim-
plify the calculation model.

Taking the small thickness of the device into account,
the temperature distribution in the vertical direction can
be neglected, and the temperature distribution on the
surface of the device becomes the focus of the study. As
for large size devices and a large number of units, when
the structural size of the unit is much smaller than the
overall size of the device, the unit structure of the device
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has little effect on the temperature distribution of the
whole device. Through the calculated thermal parameters,
the device of the original model can be simplified to a
flat plate whose thickness is 100 um, which has no in-
ternal structure. The initial model and simplified model
are shown in Fig.7 (when the operating time is 1.5 s).
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Fig.7 Temperature distributions of two models at 1.5 s

Furthermore, the array unit is regarded to be composed
of the same material, and the average thermal parameters
of the material are calculated using Eqs.(6)—(9). The
average heat-transfer coefficient of the unit is

__tL =5.95(W/m), (©)
cond

with the unit mass of

m=ZV,p,. =4.62x10” (kg), (7)

ave

where i is the material number, and V; and p; are the
volume and density of the material, respectively. The
density is

p=%=4.62x103(kg/m3). (8)
The average specific heat is
c,m,
c=— =480.2(J/kg-K). 9)
m

Device heat radiation is neglected in the calculation.
The device is naturally cooled via the air through the
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outer surface. The convection coefficient is set as
10 W/m*K and the air temperature is 20 °C. It is as-
sumed that the convection coefficient does not change
with temperature. At a voltage of 2V and a current of
0.6 mA, and considering that 20% energy of the LED is
usually converted into light while the rest is converted
into heat'®!, the thermal power of the device is about
1 mW. The formula to calculate the thermal power den-
sity is
P

=7 (10)

where H is the thermal power density, P is the thermal
power, and V is the unit volume. According to the calcu-
lation, the power density of the heat source is set as
1x10° W/m’.

Fig.8 shows the time-varying curves for the central
unit temperature based on two models. It shows the
variation of temperature with time, and the two curves
are similar to each other. At 1.5 s, the temperature of the
original model is 131.9 °C, while that of the simplified
model is 130.8 °C, so the relative error is 0.8%.
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Fig.8 Time-varying curves of the central unit tem-
perature for the two models

Fig.9 is the temperature distribution in the middle
row. The two temperature distribution curves maintain
the same trend of variation, and the temperature dif-
ference between two models at each position is always
about 1 °C.
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Fig.9 Temperature distributions in the middle row
Generally, the normal operating temperature of the
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LED micro-array device is below 60 °C. Under the con-
dition of larger device size and low temperature, the dif-
ference between the two models will be smaller. Hence,
this simplified model and the original model for the 5x5
array have almost the same temperature distribution.
Therefore, it is possible to calculate the temperature dis-
tribution of large devices with many pixels by using the
simplified model instead of the original one.

According to the above mentioned study, a simplified
model for a micro-array device that includes 100x100
light-emitting  units  with  the dimension of
10 mmx10 mmx100 pm is investigated. Fig.10 shows
the relationship between the temperature at the device
center and time, as well as the device temperature distri-
bution for the array after 1.5 s. Due to the high device
power, the temperature rises rapidly, and at the device
center it reaches 360.6 °C after 1.5 s. Through the above
analysis and calculation, we find that in order to ensure
long-time stable device operation, it is necessary to im-
plement a heat dissipation structure in micro-array de-

vices.
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Fig.10 The relationship between the temperature at
the device center and time

Here, a novel fin-type heat-dissipation structure is in-
vestigated. The material of the radiator is Cu, and the
heat dissipation method is based on natural convection.
The temperature field for the micro-array chip with the
heat dissipation structure is calculated for 10 000
light-emitting units with 10 W power and the dimension
of 10 mmx10 mmx100 um. The heat-dissipation struc-
ture is shown in Fig.11. The cross section radius is
30 mm, the thickness of the substrate is 5 mm, and the
fin-thickness is 1 mm.

Fig.11 Schematic of the proposed heat-dissipation
structure

The radiator structure should be optimized by increasing
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the fin dimensions and quantity to enlarge the cooling
area. This improves the heat exchange with the air.
Fig.12 shows the variation of the maximum temperature
of the chip for the radiator fins in steady-state condition.
It shows that with the increase of the number of fins, the
cooling area increases and the chip temperature de-
creases significantly. However, the declining trend slows
down gradually. This means the enhancement of the chip
cooling capacity is lower when the number of fins in-
creases further. In addition, too many fins will lead to a
small fin-spacing, which is not conducive to air flow and
results in a cooling capacity decrease.
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Fig.12 Maximum temperature vs. number of fins

Fig.13 shows the change of the maximum tempera-
ture on the chip with the height of the radiator in
steady state, when the fins number is fixed to 20. It
can be seen that the chip temperature decreases sig-
nificantly after increasing the radiator height, but the

declining trend slows gradually.
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Fig.13 Maximum temperature vs. height of radiator

Increasing the cooling area of the radiator requires
both above-mentioned methods at the same time. Fur-
thermore, both size and weight of the radiator, as well as
the steady-state distribution of the chip temperature, need
to be considered. The optimized structure parameters for
the heat-dissipation structure are 20 fins and a height of
40 mm, and we can decrease the device operating tem-
perature from 360.6 °C to 45 °C.

In this paper, a new thermal model for an Al-
GalnP-LED array device is described, which uses finite
element analysis. Transient analysis is carried out for a
temperature distribution of 3x3 light-emitting units lo-
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cated at the center of a 5x5 array device. A simplified
model is established which is suitable for large-size mul-
tiple-pixel LED micro-arrays. After verification, we find
that the simplified model yields almost the same tem-
perature distribution as the original model. The relative
error is only 0.8%. The temperature distribution for a
100x100 array device is calculated using the simplified
model. Furthermore, to better solve the problem of heat
dissipation, a finned radiator with a circular structure is
designed. The structure of the radiator has been opti-
mized. The effects of fin quantity and dimensions on the
device temperature distribution are analyzed.
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