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The influence of the size of an n-electrode and a current blocking layer (CBL) on the thermal and electrical characteristics of a
vertical-injection GaN-based light emitting diode (LED) chip is investigated by numerical simulation. The predicted forward
voltages are quite consistent with previous experimental data. The coupled thermal and electrical effects affect the performance of
a LED chip. For cases without a CBL, the variation in current density and temperature distributions in the active layer, and the
forward voltage and Joule heating percentage of the LED chip increase as the n-electrode width (L) decreases. The current
crowding and temperature of the hot spot are very significant, although the wall-plug efficiency (WPE) is the highest one obtained
for L = 100 pm. The better width of the n-electrode in terms of the uniformity of temperature, current density distribution, WPE,
and forward voltage may be the case where L = 200 pm. The insertion of a CBL into a 600 X 600 wm chip leads to greater
uniformity in the distribution of the current density in the effective light-emitting area when L = 500 pm. A more uniform
temperature distribution in the active layer occurs when L = 200 wm, while the case when L = 300 wm has the maximum WPE.
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The vertical-injection GaN-based light emitting diode (LED) has
demonstrated great potential for high power illumination usage.l'
The better current spreading and superior heat dissipation of the
vertical LED make it able to operate under higher power conditions.
The current distribution in the vertrcal -injection LED chip is usually
estimated from the light output % and is affected by the size and
pattern of the electrode, as well as the material properties of the
chip. 4 A well- designed electrode pattern can result i In a more uni-
form light output and better electrical characteristics.” Metallic sub-
strates with enhanced heat dissipating abrhty have been used to im-
prove the performance of vertical LEDs.? Better LED performance
can also be achieved by lowering the resistivity of the transparent
contact layer4 Current spreading in a lateral-injection LED can also
be improved by the modification of the electrode pattern.5 Several
analytical models have been proposed to explain the current spread-
ing phenomenon and possibly to obtain a better device geometry for
LEDs.>® Guo et al. improved the design by the incorporation of
interdigitated mesh patterns for more uniform current spreading. !
The current crowding effect can be reduced by the insertion of a
current blocking layer (CBL) into p-electrodes for vertical LEDs '
or under the p-electrode for lateral-injection LEDs.™ The electrode
pattern in LEDs has an influence on the voltage drop and light
output power. Many different electrode patterns have been designed
and fabricated in the search for a superior one that offers better
performance.1 However, this procedure is expensive and time-
consuming. The construction of three-dimensional (3D) numerical
simulation models to calculate the electric potential and current in
the LED Chlp has proven to be much more economical.! Hwang
and Shim' developed a 3D electrical circuit model to investigate
the current spreading effect.

Most past studies have mainly been concerned with the effective
light-emitting area and current crowding problem. Some have
touched upon the influence of the thermal effect on the performance
of LEDs which has also affected the current distribution in the LED
chrp 351013 To explain the saturation of output power that occurs
in experiments in small electrode areas, Kim et al.! conjectured that
the output power may be degraded by an increased device resistance
due to the thermal effect. The same argument about the impact of
the thermal effect on output power has also been mentioned
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elsewhere. > The thermal effect can also degrade the lifetime of

the LED devrce5 14 and reduce the voltage drop across the contact
and the Junctlon % The heat increases the junction temperature, de-
creases the luminous efficacy, shifts the point of chromaticity toward
the blue end of the spectrum, decreases the color rendering index,
and increases the color temperature.14 From this, it can be seen
that higher light output and lower heat generation are both critical
concerns for the electrical-pattern design of LED chips. Joule heat-
ing and heat from nonradiative recombination effects are the two
major sources of heat in high power LED chlps.3 1013 The active
layer is the dominant heat source at low current levels, where heat is
created by nonradiative recombination. At high current levels, the
contribution of Joule heating becomes increasingly important.]

However, the size of the LED chip is so tiny that the temperature
distribution in each layer is difficult to measure. Even now, most
methods for measurrng a chip temperature can obtain only the aver-
age temperature,16 the thermal characteristics inside the LED chip
are hard to observe. The local current density in each layer of the
LED chip is also difficult to measure. Joule heating can be calcu-
lated bY knowing the current drstrrbutlon and the resistance of the
device. ~ Recently, Bogdanov et al.! proposed a numerical model
for simulating a conventional lateral-injection LED and an interdigi-
tated multipixel array (IMPA) LED. They compared the results with
their experiments. According to their hybrid approach, the IMPA
LED avoids the current crowding effect, leading to much lower
overheating in the active region.

In the present study, we modified the numerical model developed
in our previous work"""? to include the thermal effect. We used this
to investigate the thermal and electrical characteristics of vertical-
injection LED chips operated under high power conditions. The ef-
fects of the n-electrode size and the CBL size were considered. The
electrical pattern needed to achieve high wall-plug efficiency (WPE)
is also discussed.

Numerical Model

A 600 X 600 pwm vertical-injection LED chip is analyzed. A
schematic representation of a cross section in the lateral direction is
shown in Fig. 1. In the simulations, a quarter-symmetrical geometri-
cal model was used to better represent the square shape of the LED
chip.
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Figure 1. (Color online) A cross-sectional schematic representation of a
vertical LED chip in the lateral direction, where L represents the size of the
n-electrode.

The continuity equation for electronic transport in a LED is
V. (cVV)=0 (1]

where o is the conductivity and V is the electrical potential. Except
for the bottom boundary of the p-electrode and the top one of the
n-electrode, the rest of the boundaries and the two symmetrical
planes in the LED were all assumed to be insulated. The p-electrode
was set to have a uniform input current density, and the n-electrode
was set as the ground. Following our previous equivalent resistance
method,""'? we simply assumed that the current flows through the
active la}{er only in the vertical direction. As in our previous
work, 17 the equation for calculating the electrical potential in the
LED was solved using the finite-element method provided by the
commercial program COMSOL Multiphysics. Each element in the
active layer has an equivalent conductivity as proposed by

l
o=—=J, (2]

Vi

where [ is the elemental thickness of the mesh, V; is the voltage
drop between the active layer, and J, is the elemental current den-
sity. The J, and V; of each element satisfy the Shockley equation,
which describes the current—voltage characteristics of the LED

Je = Jo(exp™i™T 1) (3]

where J, is the saturation current density, n is the ideality factor, e is
the elementary charge (1.6 X 1072 C), k is the Boltzmann constant
(1.38 X 1073 J/K), and T is the absolute temperature. J,, and 7 are
dependent on the material quality and device structure. Neverthe-
less, Jy is also affected by the temperature of the chip. The relation-
ship can be described by19

Jo(T) = Jolago X 2177300710 [4]

The same parameters were used for the geometric dimensions
and for the Shockley equation as those used in previous studies;’
i.e., the saturation current and n were set to be 4.72 X 10722 A and
2.5, respectively. The thicknesses of the n-type GaN layer, the active
layer, and the p-type GaN layer are 2.5, 0.07, and 0.07 pm, respec-
tively. The resistivities of the n- and p-type cladding layers are p,
=1X 102 Q cm and p, =14 Q cm, respectively. The specific
p-contact resistance and the specific n-contact resistance were set to
be 2.8 X 1073 and 3.6 X 10 Q cm?, respectively. The p-type
electrode was formed by the application of a 0.93 pm thick Ag/
Ni/Au  metalized layer (pa,=1.59 X 1070 Q cm/py; = 6.9
X 107 Q em/py, =2 X 107® Q cm) on the entire wafer (600
X 600 wm). The n-type electrode was formed by a 0.7 pm thick
Ti/Au metalized layer (pp; =4.2 X 107 Q cm) with various
square dimensions and different widths (L = 100, 200, 300, 400, and
500 pm).

The steady-state equation for conduction heat transfer with the
heat source is

Table I. Thermal conductivities used in the simulation.

Material Ag Ti Ni Au SiO, GaN
k (W/m K) 374 17.1 55.2 290 1.38 120
-V - kVD=4 (5]

where k is the thermal conductivity. Based on the law of energy
conservation, the input electrical power can be divided into two
major parts; one is heat generation and the other is light output.
Given the same assumption about active layers as in Eq. 2, we
propose the heat generation term ¢ in the active layer as follows

. fo ( T - 300) e

q_‘,ex Vj_ e xnintxnexlxexp_ 1600 /e[]
where % is the reduced Planck constant, w is the angular frequency,
MNine 18 the internal quantum efficiency at room temperature, and Ty,
is the light extraction efficiency at room temperature. The term %o
is the energy of the photon; thus, (7w/e) is the electrical potential
converted from the energy of photon. Schubert'® mentioned that the
variation in the luminous intensity of a GaN LED with temperature
is proportional to exp[—(7 — 300)/1600]. Therefore, the light output
power per unit volume is assumed to be J. X (Am/e)Nin X Mext
X exp[—(T = 300)/1600]/... The heat generated by light absorption
inside the LED chip is assumed to be included in the ¢ term. The
values of the external quantum efficiency (M X Mex), as obtained
in the literature,lg’20 are between 13 and 43%. Thus, in the present
study, Nine X Mexe = 25% was selected. The heat generation term per
unit volume ¢ due to Joule heating in the other layers of the LED
chip is

g=J.- VV (7]

The thermal conductivities of the materials are summarized in
Table 1."%2' The boundary conditions of the top, lateral, and bottom
surfaces of the LED chip are shown by

i (kVT)=h(Tp—T) (8]

where 7 is the unit normal vector of the interface, T, is the air
temperature, and &, is the equivalent heat transfer coefficient. A
copper slug with a board is usually used to dissipate the heat gen-
erated from the LED chip. The size was set to be about 7.2 cm? in
the present study. Natural convection conditions affect the surfaces
with h, = 5 W/m? K, and T}, is 300 K. Under the natural convec-
tion condition, the Biot number for the slug is very small; therefore,
the temperature variation along the main heat flow direction inside
the slug is insignificant. The convection from the bottom surface of
the slug was replaced by the convection condition from the chip
with the equivalent heat transfer coefficient /.. For this case, A, is
about 40,000 W/m? K. The boundary condition of the symmetrical
surfaces was set to be adiabatic and is shown by

A-(kVT)=0 [9]

A self-developed code coupling the thermal and electrical equa-
tions was added to COMSOL Multiphysics to obtain the tempera-
ture, the electrical potential, and the current density in the LED chip.
In the present study, the mesh for the epitaxial layer is made up of
hexahedral elements, and that for the electrodes consists of the
square-type ones. Convergence testing has been performed for ele-
ment numbers with 3156, 6312, 9468, and 18,936. The relative tol-
erance was selected to be 1 X 107 for the temperature and voltage.
The simulation results for temperature, current density, and voltage
are almost the same for the cases of 9468 and 18,936. For this
reason, and to save Central Processing Unit (CPU) time, the number
of finite elements was chosen to be 9468 for the entire domain.
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Figure 2. (Color online) Current densities (dot) on the active layer for dif-
ferent input currents.

Results and Discussion

The vertical-injection LED is usually operated under high input
power. Figure 2 displays the current densities in the active layer for
different input currents for L = 200 pm without consideration of
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Figure 3. (Color online) [(a) and (b)] Electrical potentials (hue) and current
densities (arrow) on the active layer for L = 200 wm; (c) temperature distri-
bution for (b).

the thermal effect. Obviously, the crowding is significant when the
input current is higher than 100 mA (the current density is about
27.8 A/cm?). The current crowding is more serious beneath the
n-electrode for higher operating current densities.

The results shown below are obtained when operated under an
input current of 100 mA. Figure 3a and b shows the electric poten-
tials (hue) and the current densities (arrows) in the active layer for
L =200 pm without and with the thermal effect, respectively. Fig-
ure 3¢ shows the temperature distribution for the case shown in Fig.
3b. The thermal and electrical effects coupled together influence the
characteristics of the LED chip. Because current crowding appears
in the center region, the highest temperature occurs at the center.
The temperature decreases nearer to the edge due to the effects of
Joule heating (Fig. 3c). Without the thermal effect, the electrical
potential in the central region is smaller than that near the edge. The
saturation current density (J,) increases due to the higher tempera-
ture, while V; decreases at fixed J, when J, increases (Eq. 3). Hence,
the electrical potential of the active layer is higher without consid-
eration of the thermal effect (Fig. 3a) than with the thermal effect
(Fig. 3b). Including the thermal effect, the discrepancy of the elec-
trical potential between the central region and the edge becomes
more significant (Fig. 3b), and the current crowding becomes more
severe.
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The voltage drop across the active layer from the center to the
edge of the square (for different L), without and with the thermal
effect, is illustrated in Fig. 4a and b, respectively. The distribution of
current densities in the active layer, with the thermal effect, is shown
in Fig. 4c, and the temperature distributions in the active layer are
displayed in Fig. 4d. The origin is set as the center of the square. It
can be seen in Fig. 4c that the current density distribution for L
=100 pm is similar to the light emission pattern obtained by Chu
et al.”> Due to the current crowding effect, when the width of the
n-electrode is smaller, the uniformity of the current distribution in
the active layer is worse (the difference between the maximum and
minimum current densities is high) and the current crowds in the
region under the n-electrode. However, light emission from this re-
gion is blocked by the n-electrode. Figure 4a and b shows that for
L =500 pm, the voltage drop across the active layer under the
n-electrode is a little higher than that across the residual region of
the active layer outside the area covered by the n-electrode. This
phenomenon can be expected because the temperature is almost uni-
form at L = 500 pm (Fig. 4d). The temperature distribution for L
=500 pm is higher when the thermal effect is considered than
when it is not. The voltage drop shifts from about 3.05 V (Fig. 4a) to
about 2.96 V (Fig. 4b). A similar behavior is also shown when L
=400 pm. When the width of the n-electrode decreases, the voltage
drop under the n-electrode is much higher than that in the active
layer outside the region covered by the n-electrode for both L
=200 and 300 wm. This is because the current density under the
n-electrode is much higher than that in the residual region of the
active layer (Fig. 4c). The current crowding effect leads to a severe
increase in temperature under the n-electrode. Because the voltage
drop is degraded by the increase in temperature, the voltage drop for
L =200 pm is more obvious than that for L = 300 wm when the
thermal effect is considered. The degradation in the voltage drop is
smooth from the center to the edge under the n-electrode, but it
decreases more significantly in the residual region of the active layer
not covered by the n-electrode. In the cases where L is from 200 to
500 pm, the voltage drop across the active layer increases as the
width of the n-electrode decreases. In contrast to L

100 150 200 250 300

X (pm)
(d)

=200-500 pm, when L = 100 pm, the voltage drop increases near
the center of the active layer (x = 0) and decreases after the passing
area covered by the n-electrode. It is smaller than that for L = 200
and 300 pwm. The voltage drop is degraded by the increase in the
temperature, but it is enhanced by the enlargement of the current
density. The temperature around the center region of the active layer
is very high for L = 100 wm (Fig. 4d), and the current crowding is
very severe. The trend of the voltage to drop with x under the
n-electrode for L = 100 wm may be due to the effect of the tem-
perature being greater than that of the current crowding.

In Fig. 3b, it can be seen that there is current crowding under the
n-electrode. The n-electrode obstructs light emitted from the top of
the LED chip. This can be improved by installing a CBL to avoid
the passage of current through the region under the n-electrode. As
in Kim et al.,1 the area of the CBL is set to be equal to the area of
the n-electrode. The CBL is placed on the p-electrode, just under the
n-electrode. Figure 5a-e shows the temperatures (hue) and current
densities (arrow) in the active layer for different CBL (n-electrode)
widths. Figure 6 reveals the distributions of current densities in the
active layer from the center to the edge of the square for different L
for the case with a CBL. As shown in Fig. 5, due to the existence of
the nonconductive CBL in the p-electrode, the current densities al-
most disappear in the region beneath the n-electrode, and there is
little growth near the region under the n-electrode. With the CBL,
most of the current flows through the residual region of the active
layer not covered by the n-electrode (effective light-emitting area).
Therefore, the heat generation under n-electrode is significantly re-
duced, and the higher temperature region does not necessarily occur
near the center of the active layer. This is very different from the
cases without the CBL, where the maximum temperature appears at
the center of the active layer. For L = 200 pwm, the temperature
distribution is more uniform (Fig. 5b). When L = 100 pm, the area
of the CBL is still very small, only occupying 1/36 of the area of the
p-electrode. There is significant current crowding in the region un-
der the n-electrode (Fig. 5a and 6). This makes heat generation
around the central region severe. The temperature is very high in the
region under the n-electrode. The CBL has the effect of increasing
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Figure 5. (Color online) Calculated temperatures (hue) and current densities
(dot) in the active layer for five CBL (n-electrode) widths.

the local current density in the active layer outside the area covered
by the n-electrode. This increases as the width of the CBL increases.
However, there is still obvious current crowding in the region near
the edge of the n-electrode in smaller L. A comparison of two cases
with and without the CBL (Fig. 4c and 6) (L = 100 pm) is carried
out to show the change in the uniformity of the current density. A
comparison of Fig. 4c and 6 shows that the differences between the
maximum and minimum current densities (AJ) are 1.88 X 10° and
7.22 X 10° A/m? for the cases without and with the CBL, respec-
tively. Obviously, the current crowding effect can be significantly
reduced by the CBL.
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Figure 6. (Color online) Distribution of current density in the active layer

from the center to the edge of the square for different L values for the case
with CBL.
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Figure 7. (Color online) Temperature differences in the active layer with
different L values ranging from 100 to 500 wm for the cases with and
without CBLs.

Figure 7 illustrates the differences between the maximum and
minimum temperatures of the active layer for different n-electrode
widths, with and without the CBL. As the n-electrode width in-
creases, for the cases without CBL, the temperature difference (AT)
in the active layer decreases because the current density distribution
is more uniform for the larger n-electrode. However, the AT in the
active layer increases as the width of the CBL increases for L
=300, 400, and 500 pwm. The temperature in the central region is
low, and that in the residual region of the active layer not covered by
the n-electrode is high (Fig. 5c-e), because the current flows toward
the residual region of the active layer due to the CBL effect. For
L =100 pm, the maximum temperature with the CBL shows a 40%
decrease from that without the CBL. The current distribution is more
uniform with the CBL (Fig. 6 and 4c). Therefore, the temperature
distribution for L = 100 pm is more uniform, and the temperature
difference is low. The addition of an appropriate CBL leads to a
more uniform temperature distribution in the LED chip.

Figure 8 shows the forward voltages of the LED chip for differ-
ent n-electrode widths for the cases with and without CBL. The
numerical results are compared with the experimental data (without
CBL) obtained by Kim et al.' The simulation results agree with their
measurements. Because of the existence of the CBL, most current is
forced to flow through the residual region of the active layer not
covered by the n-electrode (Fig. 5), and the current flows through

4.2

A —s—without CBL (simulation)
4.0 \ —e— without CBL (Kim's work)
) —+— with CBL (simulation)

3.8}
3.6}

34

Forward voltage (V)

3.2}

3.0

100 200 300 400 500

L (um)

Figure 8. (Color online) Forward voltage with different L values ranging
from 100 to 500 wm with and without CBL.
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Figure 9. (Color online) Joule heating percentage with different L values
ranging from 100 to 500 wm for the cases with and without CBL.

the n-GaN layer in a lateral direction toward the n-electrode. The
mean length of the current path for the case with the CBL is longer
than that without the CBL, so the total resistance of the LED chip is
larger and the forward voltage is also higher. In L = 100-400 pm,
the forward voltages are reduced for larger widths of the n-electrode
due to a lateral decrease in the resistance of the LED chip. However,
the forward voltage is a little higher for L = 500 pm with the CBL
than that for L = 400 pm. The forward voltage is degraded by an
increase in the width of the n-electrode, but it is enhanced by the
enlargement of the current density. The current density is much
higher in L = 500 pm than in L = 400 pm (Fig. 6). Therefore, the
increase in forward voltage for L = 500 pm with the CBL over that
when L = 400 pm may be due to the much higher current density.

Figure 9 shows the relation of L to the Joule heating percentage
of the total heat for the cases with and without CBLs. The width of
the n-electrode has a big influence on the Joule heating generation,
and the trend is similar to the forward voltage of the LED chip (Fig.
8, the lines indicated by squares and triangles) as the Joule heating
in the LED chip can be calculated from the product of the current
and the voltage drop in each layer, except the active layer. For the
case with the CBL, the smallest percentage of Joule heating (10.6%)
appears when L = 400 pwm. With a further increase in L, the current
crowding causes the Joule heating to increase. The contribution of
Joule heating is more significant in the vertical LED chip when the
n-electrode width decreases.

The WPE of the LED chip is defined as the output light power
divided by the total input electrical power. Here, the output light
power is selected as the electrical power generated by the residual
region of the active layer not covered by the n-electrode subtracted
from the total heat generated in the same region. Figure 10 illus-
trates the WPE for different n-electrode widths. The WPE for the
case with the CBL is much higher (about 1.46-3.52 times) than that
for the case without the CBL. This is because the current passes
totally through the effective light-emitting area of the active layer
for the case with the CBL, and the n-electrode obstructs light emis-
sion without the CBL. The trend of the variation in the WPE with
the width of the n-electrode is very different for the two cases.
Without the CBL, the WPE decreases as the width of the n-electrode
increases because the proportion of the vertical current to the total
electric current becomes larger. In contrast, with the CBL, the varia-
tion in the WPE increases with the width of the n-electrode, reach-
ing the highest value when L = 300 pm, and then decreases. Based
on the WPE results obtained in the present numerical simulation, the
best width for the n-electrode (or the CBL) would be between 300
and 400 pm for the case with the CBL. Kim et al." also measured
the WPE for the cases with and without CBL, finding the WPE for
the case with the CBL to be about 1.2 times that for the case without

5.0 ———
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a0l /
L [
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<30}
w I
= 251 —_
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2.0 -— \.
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Figure 10. (Color online) Calculated WPE for different L values ranging
from 100 to 500 pm for the cases with and without CBL.

the CBL. Clearly, the present results are consistent with those of
Kim et al. in that the WPE can be enhanced by the CBL.

Conclusion

In the present study, a numerical model is developed to investi-
gate the coupling effect between the thermal and electrical charac-
teristics in a vertical-injection GaN-based LED chip with a size of
600 X 600 pm. There is good agreement between the forward volt-
ages predicted by the present computation taking into consideration
the thermal effect and the experimental data measured by Kim et al.!
The variation in voltage drop across the active layer and the current
crowding are significantly enhanced by the temperature effect. The
influences of the n-electrode size and the CBL size on the current
density distribution, driving voltage, temperature distribution, Joule
heating percentage, and WPE of LED chips are all investigated. For
the cases without the CBL, the uniformity of temperature and cur-
rent density distributions in the active layer gets worse, and the
forward voltage and Joule heating percentage in the LED chip in-
crease as the width of the n-electrode (L) decreases. When L
=100 pm, the current crowding (AJ = 1.88 X 10° A/m?) and
temperature of the hot spot (AT = 63.6 K) are very significant,
meaning that the high power vertical LED chip is poor, although the
WPE (2.6%) is the highest one obtained. The case where L
=200 pm may have a better width of n-electrode in terms of the
uniformity of temperature (A7 = 23.2 K), current density distribu-
tion (AJ = 5.74 X 10° A/m?), WPE (2.33%), and forward voltage.

The advantages of inserting a CBL into a vertical LED are the
following: It reduces temperature variation in the active layer (40%),
improves the uniformity of the current density in the effective light-
emitting area (61.6%), and increases the WPE of the LED chip
(about 1.46-3.52 times). However, the disadvantage for inserting the
CBL is that a higher input electrical power is required (the incre-
ment in forward voltage is 0.2-0.3 V), with the major portion of the
input power being consumed by heat generation rather than light
emitting. Under a fixed current, the maximum WPE (4.91%) appears
in L =300 pm. The temperature distribution in the active layer is
more uniform (A7 =7.4 K) when L =200 pwm. The current den-
sity distribution in the effective light-emitting area is more uniform
(AJ =33 X 10* A/m?) when L = 500 pm.
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