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The effect of chip area on the temperature-dependent light-output power (LOP) in GalnN-based
light-emitting diodes (LEDs) is investigated. The larger the chip size, the faster the reduction in LOP
with increasing temperature becomes, indicating that increasing the size of LED chips, a technology
trend for reducing the efficiency droop at high currents, is detrimental for high temperature-tolerant
LEDs. In addition, it is found that regardless of chip size, the temperature-dependent LOP is
identical for the LEDs operating at the same current density. © 2012 American Institute of Physics.

[doi:10.1063/1.3688041]

GaN-based high-power light-emitting diodes (LEDs)
have become increasingly prevalent in illumination applica-
tions such as interior/exterior lighting and automotive head-
lights. However, a long standing problem called “efficiency
droop” has been dimming the future prospects of LEDs as
the ultimate illumination sources. The efficiency droop can
be categorized using two classifications: current-density
droop and temperature droop. First, the conventional defini-
tion of efficiency droop describes the decrease in radiative
efficiency with increasing operating current, which we call
the current-density droop, J-droop, in this study. Several
explanations have been proposed for the causes of the
J-droop, including electron leakage due to polarization mis-
match' and poor hole injection caused by asymmetry of
carrier-transport properties,” delocalization of carriers,>*
density-activated defect recombination,™® and Auger recom-
bination.” These have led to possible solutions such as polar-
ization matched multiple quantum well (MQW) structures,
double heterostructure designs, and large-size (large junction
area) devices for reducing the current density. Second, GaN-
based LEDs also suffer from a strong decrease in radiative
efficiency with increasing temperature,®” which we call the
temperature droop, T-droop, in this study.

Figure 1 shows the external quantum efficiency (EQE) of
a commercial high-power LED as a function of driving current
measured at several ambient temperatures. The EQE peaks at a
low forward current and then drops with increasing current,
showing typical J-droop behavior. In addition, the EQE
decreases significantly as the ambient temperature increases;
increasing temperature from 300 to 450K results in the reduc-
tion of the EQE by about 30% of its peak value, indicating that
the T-droop can be more detrimental than the J-droop. High
temperature-tolerant LEDs are becoming increasingly impor-
tant in applications where a weak-temperature-dependence of
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the EQE is highly desirable, for example, automotive head-
lights for which the ambient temperatures can be as high as
90°C. Until now, however, T-droop has been less focused on
than the J-droop.

There has been a great deal of research to understand
the mechanisms of efficiency droop caused by high current
densities; however, the understanding of 7-droop, originating
from high temperature, is not comprehensive. One of the
technology trends in current state-of-the-art LEDs is to
increase the chip size, thus decreasing the current density to
minimize the J-droop. However, the effect of the chip size
on the temperature dependent efficiency droop is often over-
looked, and systematic studies have not been reported. In
this article, we report the fabrication of LED chips with dif-
ferent sizes, and we compare the effect of current density on
temperature-dependent performance. We find that increasing
the size of LED chips reduces the J-droop at a certain
temperature (e.g., 300K) as expected, but degrades the
temperature-dependent performance of the LEDs.
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FIG. 1. (Color online) Measured external quantum efficiency of a commer-

cial LED emitting at Acac =460 nm at various ambient temperatures as a
function of forward current.
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FIG. 2. (Color online) Normalized external quantum efficiency versus for-
ward current of LED chips with different diameters. Schematic description
of circular-shape LEDs with different contact-diameter sizes are shown in
the inset.

The LED wafer used in this study was commercially
grown by metal-organic chemical vapor deposition and has
five GalnN/GaN QWs which emit at a peak wavelength of
440 nm. Circular-shaped LED chips with the conventional
epi-up geometry were fabricated in order to avoid possible
artifacts caused by current crowding that could play a role in
the actual current density.10 Circular mesa structures with
diameters of 200, 300, and 500 yum were obtained by stand-
ard photolithographic patterning followed by inductively
coupled plasma etching to expose the n-type GaN cladding
layer. In this article, “chip size” refers to this mesa area for
each device. Then, Ti/Al-based n-type ohmic contacts were
deposited by electron-beam evaporation and annealed at
650 °C for 1 min in N, ambient. ITO-based p-type contacts
were deposited and annealed at 500 °C for 1 min in O, ambi-
ent. The temperature dependent light-output power (LOP) of
these chips is then measured from 300 to 450 K. A semicon-
ductor parameter analyzer was used for the measurements,
using 500 us pulse width and 1% duty cycle to minimize
self-heating effects.

First, we investigate the effect of chip size on the EQE
as a function of driving current. Figure 2 shows normalized
EQE versus driving current for each of the three fabricated
chips. The LED chip with 200 um circular contact diameter
reaches its efficiency peak earliest, at roughly 35 mA. As the
size of the LED chip increases, the peak efficiency shifts
towards higher currents; the 300-um-diameter chip reaches
its peak efficiency at around 70 mA, whereas the largest chip
with 500 um diameter does not reach the peak efficiency
point in this measurement range. It is clear from this result
that in order to operate an LED at high current levels, it is
advantageous to increase the chip size, which reduces the J-
droop. Although increasing the chip size may cause scaling
penalties such as the reduction in the total yield from a wafer
and reduced extraction efficiency, it has in fact been a trend
in commercial LEDs for high-power operation.

Next, we investigate the effect of chip size on the LOP
reduction caused by elevated temperatures. Figure 3 shows
the normalized LOP of each chip at 100 mA constant operat-
ing current. The larger the diameter of the circular shape
LED chips, the faster the reduction in LOP with increasing
temperature becomes. The LED chip with 500 um diameter,
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FIG. 3. (Color online) Normalized light-output power versus temperature
measured at the constant current of 100 mA for chips with different sizes.

which shows the best EQE at high driving currents, performs
worst at high temperature. The reduction in LOP for the
500-um-diameter LED is as high as 70.2% when the temper-
ature is increased from 300 to 450K. Such a large LOP
reduction would not be acceptable in applications where high
temperature-tolerance and stable performance with tempera-
ture are required. The LOP in the device with 200 um diame-
ter drops by 48.1% at 450 K, showing much less degradation
in LOP than the larger devices. This experimental result indi-
cates that a smaller chip size, i.e., higher current density
operation, would be a better choice to minimize the 7-droop.

With increased temperature, electrons acquire higher ther-
mal energy and therefore LEDs may suffer more strongly from
high-current loss mechanisms. These may include increased
leakage over a quantum barrier or an electron blocking layer,
increased Auger recombination, or greater delocalization from
indium clusters. On the other hand, hole ionization is greater at
high temperatures, leading to the alleviation of the asymmetry
in the junction.” Therefore, it is not intuitively obvious which
loss mechanism is dominant for an LED in the high tempera-
ture, high current regime. However, note again that the trend is
occurring in state-of-the-art commercial LEDs: larger chips for
improved optical performance (i.e., less J-droop). The experi-
mental results of Fig. 3 show that a high-temperature LOP pen-
alty is incurred for large chip sizes.

In order to fully understand our experimental results, we
take the recombination rate equation into account. Shockley-
Read-Hall (SRH) non-radiative recombination is proportional
to carrier concentration in the light-emitting quantum well (7),
while radiative recombination is proportional to the square of
carrier concentration (n%).'" Considering SRH and bimolecu-
lar radiative recombination coefficients (A and B coefficients,
respectively, in the ABC model commonly used to explain the
recombination in LEDs), the SRH recombination plays a rela-
tively large role in the total recombination at low current den-
sities. Thus, most of the T-droop that takes place at low
driving current can be attributed to the temperature-dependent
behavior of SRH recombination. As the current density
increases, SRH recombination becomes weaker than other
high-current loss mechanisms. In an intrinsic material such as
an undoped quantum well, the rate of SRH recombination
may be expressed as''

An An
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FIG. 4. (Color online) Normalized light-output power versus temperature meas-
ured at the current densities of 5 to 50 A/em” for chips with different sizes.

where An is the concentration of excess electrons, Ty is the
non-radiative recombination lifetime, Et and Ey; are the trap
energy and the intrinsic Fermi level, respectively, and 7, is
based on the capture cross section and trap concentration.
Based on Eq. (1), we expect SRH recombination to have a
hyperbolic cosine-like dependence on temperature, thus the
non-radiative recombination lifetime decreases with increas-
ing temperature. The drop in LOP caused by SRH recombina-
tion, with increasing temperature, would be dominant at low
currents but becomes minimal at high currents where the
effect of SRH recombination becomes negligible in compari-
son with other high-current loss mechanisms. This explains
why the results in Fig. 3 show that the smallest chip (200 um),
with higher current density at a same current, displays better
performance in terms of 7T-droop than those of the larger chips
(300 and 500 pm).

Figure 4 shows the normalized LOP as a function of tem-
perature at various current densities. The parameter analyzer
used for this experiment has a maximum output current of
100mA, so no data points exist at high current density for the
larger devices. In the range where data points exist for all
three samples (i.e., 5 and 10 A/em?), a nearly perfect overlap
of data points is observed. The same is true for the two smaller
devices at 20 and 35 A/cm?. Note that regardless of chip sizes,
the temperature-dependent LOP of the LEDs is identical if the
LEDs are operated in same current density. The LED with
lower current-density operation shows worse 7-droop than the
LED with higher current-density operation, consistent with
the results in Fig. 3. Since the LED chips are from a high-
quality commercial LED wafer, the dislocation and trap den-
sities, hence the rate of SRH recombination at the same
current density, presumably are almost the same for each chip.
At low current densities (e.g., 5 and 10 A/cm?), SRH recombi-
nation is strong and therefore plays a significant role in total
recombination with temperature. Thus, as the temperature
increases, the non-radiative recombination lifetime decreases
rapidly, lowering the LOP of the LEDs significantly. With
increasing current densities, SRH recombination becomes less
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dominant, resulting in less temperature-dependence of LED
performance.’

In summary, this work shows that for the same chip ge-
ometry, wafer quality, and active region design, the tempera-
ture dependence of the LOP is strongly dependent on current
density. That is, regardless of chip size, the temperature-
dependent reduction in LOP is identical when injecting the
LEDs with the same current density. However, as the current
density is decreased by increasing the size of LED chips
(keeping the current the same for all LEDs), T-droop is exa-
cerbated. At low current densities, SRH recombination is
dominant and the non-radiative recombination lifetime
decreases with increasing temperature. With increasing cur-
rent density, SRH recombination becomes negligible in com-
parison with other high-current loss mechanisms, resulting in
a decrease of the temperature dependence of the LOP. The
results indicate that increasing the size of LED chips, a tech-
nology trend for reducing the J-droop, makes the LOP of
LEDs more temperature sensitive and thus not a desirable so-
lution for high temperature-tolerant LEDs.
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