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Degradation mechanism beyond device self-heating in high power

light-emitting diodes

K. C. Yung,a) H. Liem, H. S. Choy, and W. K. Lun
Department of Industrial and Systems Engineering, Hong Kong Polytechnic University,
Hung Hom, Kowloon 233, Hong Kong

(Received 9 February 2011; accepted 13 March 2011; published online 12 May 2011)

A unique degradation property of high power InGaN/GaN multiple quantum well (MQW) white
light-emitting diodes (LEDs) was identified. The LEDs were stressed under different forward-
currents. The various ageing characteristics were analyzed for both the electrical response and
electro-luminescence (EL) spectra. The Raman spectroscopy allowed noninvasive probing of LED
junction temperature profiles which correlated well with the EL characteristics, showing a junction
temperature drop during degradation at certain current levels. In addition to the common
observations: (1) a broadening of the light intensity-current (L-/) characteristic in the nonlinear
regime, and (2) a shift of the current-voltage (/-V) dependence to higher current levels, the EL
spectra showed different temperature responses of the two blue emission peaks, 440 and 463 nm.
The former was temperature sensitive and thus related to shallow defect levels, while the latter was
thermally stable and deeper defect states were involved in the degradation process. This unique
selection rule resulted in the enhancement of the blue emission peak at 463 nm after degrading the
LEDs. This study suggests that LED device heating is not directly linked to the degradation

process. © 2011 American Institute of Physics. [doi:10.1063/1.3580264]

. INTRODUCTION

In recent years, lighting using white LEDs has become
very attractive due to their low power consumption, long
operating time, and environmental benefits (no mercury).' ™
Currently, the prevailing method for fabricating white LEDs
is by using a blue GaN-based light-emitting diode (LED)
coated with a yellow-emitting phosphor. This simple struc-
ture gives LEDs high luminous efficacy ~ 150 Im/W.*® The
degradation of light emitting diodes is a multi-faceted prob-
lem that involves change of defect population, catastrophic
optical destruction, metal diffusion and electrode delamina-
tion.” It is an elusive subject for research due to the presence
of difficulties in identifying a specific degradation mecha-
nism in different types of LEDs. In fact, different causes
may dominate even in a single type of diode, and different
degradation mechanisms can be observed simultaneously.
The origins of the degradation of LEDs submitted to acceler-
ated ageing tests have been intensively investigated.®2° It
was accepted that a significant reduction in the internal quan-
tum efficiency of the LEDs resulted from a constant current
stress. This degradation was characterized by the increase in
the nonradiative recombination in the active junction of the
LEDs due to the propagation of defects,'***° or caused by
the migration of impurities or dopants in the multiple quan-
tum well (MQW) region. In addition, operating at high tem-
perature, GaN-based LEDs could have their optical
properties significantly degraded. This temperature degrada-
tion was determined by the deterioration of the electrical
properties of the ohmic contact and p-type semiconductor
material triggered by the chemical reaction between dopants
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and hydrogen atoms.'®?° Besides, the self-heating in LEDs
affected the device performance and was generally suggested
to be correlated with the device lifetime. Moreover, darken-
ing of the encapsulation and phosphor systems by thermal
activation had the immediate effect of altering the colors
emitted by the LEDs.'>"?

Step-stress testing is employed as a way to test the
LED’s accelerated life. Although there are many varieties of
step-stress testing, the type used is the one in which a LED is
tested at a given current density (stress level) for a certain
amount of time. At the end of that time, if the LED survives,
i.e., the electro-luminance spectrum shows the same intensity
and features for a specific lower current, the stress level is
increased and held for another amount of time. The process
is repeated until the LED degrades, i.e., the electro-lumi-
nance spectrum shows different features. The degradation or
performance data is then directly related to the presumed
failure of the LED in question and each electro-luminance
spectrum is monitored as a function of current.

The small size of the LED die and its encapsulation
makes measuring the diode junction temperature difficult to
perform with direct methods, such as thermocouples and
infrared cameras. EL spectrum is not a good quantitative in-
dicator due to the fact that both the EL peak position and in-
tensity are affected by factors other than temperature, such
as piezoelectric effect and charge density. Noncontact
Raman spectroscopy is employed for measuring the junction
temperature of InGaN/GaN LED due to its high spatial reso-
lution and measurement capabilities of devices under electri-
cal bias.”"?®

In this paper, ageing-induced changes in optical EL and
electrical /-V diode characteristics are considered to be a
measure of degradation. Raman temperature measurement is

© 2011 American Institute of Physics

Downloaded 08 Nov 2011 to 158.132.161.9. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions


http://dx.doi.org/10.1063/1.3580264
http://dx.doi.org/10.1063/1.3580264
http://dx.doi.org/10.1063/1.3580264

094509-2 Yung et al.

correlated with the EL characteristics. We describe in detail
the degradation processes involving the different thermal
responses of the three emission peaks with increasing cur-
rents. Subsequently, LED degradation modes are highlighted
and enhancement of a specific blue emission is found to be
related to the selection of defect levels during degradation.
We suggest that an LED is degrading when the two blue
emissions in the electro-luminance spectrum start showing
different temperature sensitivities. Providing some insight
into degradation mechanisms beyond simple device heating,
a unique characteristic in the degradation of high power
InGaN/GaN LEDs by stressed current is identified.

Il. EXPERIMENTAL PROCEDURES

The samples examined in the test were commercial
high-power blue LEDs from Philips Lumileds K2. They
employ a multi-quantum well structure having layers of
InGaN/GaN on the sapphire substrate. The LED die has a
standard area ~1 x 1 mmz, is mounted on top of a silicon
chip using gold stud bumps, which is in turn bounded to the
heat-sink slug. The LED die is bonded in a flip-chip way,
and encapsulated with an epoxy lens-InGaN/GaN chip struc-
ture. The epoxy lens was removed by hot H,SO, in the
experiment so that its effect on degradation can be ignored.

The accelerated current test was performed with a for-
ward current equal to or larger than 2100 mA for an hour.
The evolution of current-voltage (/-V) characteristics and
optical output of the LEDs were measured by an HP 4145B
semiconductor parameter analyzer and a silicon photo-array
spectrometer. A simple test configuration was used to mea-
sure the electroluminescence (EL) of the LED samples. The
average surface temperature of the LEDs under a forward-
current was measured using an NEC MRI 9100 thermo
tracer.

Unpolarized Raman spectra on the GaN were obtained
using a Renishaw 2000 confocal Raman spectrometer. An ar-
gon ion laser with 514 nm line was used as the excitation. It
was transmitted through the sapphire substrate and focused
on the GaN. The spectra were measured in the backscattering
geometry at currents from 0 to 2800 mA. An integration
time of 10 s was used for each measurement and each raw
spectrum was then subject to a curve-fitting routine (Grams
32, Galactic Industries, Salem, US) to obtain the Raman
intensities of the 571.1 cm ™" at each point.

lll. RESULTS AND DISCUSSION

The inset of Fig. 1 shows the SEM image of a Philips
LED used in the study. The encapsulating lens was removed,
and the vertical conduction wires were shown. Nominal
operating current was in the range of 200-2800 mA, and the
corresponding current densities were from 20 to 280 A/cm?
for a 1 mm? square chip. Figure 1 shows a typical room tem-
perature Raman spectrum of GaN, showing the E,™ phonon
mode for GaN which is located at 571.1 cm™~'. The A;(LO)
mode and the sapphire substrate peaks are observed at 736.2
and 419.4 cm™, respectively. The EzH mode is selected
because it is very sensitive to biaxial stress in GaN films.*” It
should be noted that the E," already exhibited a blueshift of

J. Appl. Phys. 109, 094509 (2011)

29.8KV x45.8

N
o

0 600 1200 1800 2400 3000
Current [mA]

FIG. 1. The room-temperature Raman spectrum measured from an InGaN/
GaN LED die. The inset (left) shows the SEM image of the LED die on sili-
con submount with lens removed (Courtesy of MuAnalysis). The inset
(right) shows the calibration curve which returns the junction temperature of
an InGaN/GaN LED against the shift of the E,™ mode.

1.7 cm ™" due to the compressive stress existed in the InGaN
epilayer.”® The A;(LO) phonon is not suitable for determin-
ing the junction temperature due to the fact that the coupled
mode of A;(LO) phonons and plasmons is measured in the
spectrum instead of the pure A;(LO) phonon in the doped
layers of the pn junction. Link et al. have reported that the
temperature dependences of the E,™ mode can be described
by a model which takes into account the anharmonicity of
crystal lattice potential and the thermal (i.e., CTE) mismatch
between the sapphire substrate and the layers.”’ However,
the strain-induced contribution Awy(T) to the frequency shift
is insignificant when compared to that due to thermal expan-
sion Aw(T) of the lattice and optical phonon decay
Dwy(T).*" The phonon frequency can then be related to ma-
terial temperature by the equation:

A
o(T) = wo — Bheon kT _ | ey
with @y, A and B are the Griineisen parameters and are
defined by Hayes e al.** and h is the Planck constant, ¢ is
the speed of light, k is the Boltzmann constant and T is the
material temperature. The E," peak shift performed at 0 mA
(and thus room temperature) was selected and calibrated.
The values of wg, A and B are determined to be 272.36, 17.9,
and 0.99 cm ', respectively. The shift Aw was accurate to
0.05 cmfl, or 1 K. A calibration curve which returns the
junction temperature of the InGaN/GaN LED against the
shift of the E,™ mode is derived and plotted in the inset
(right) of Fig. 1.

Figure 2 shows the EL spectra obtained from the Philips
LED at various current levels. There are two main light
emissions: the blue emission (440 nm, Royal blue) which is
assigned to homogeneous InGaN quantum well (QW) due to
the prohibition of extra phase separation by residual strain,
and the green one (517 nm) which corresponds to In-rich
quantum dots (QDs). In addition to the 440 nm emission, the
spectra reveal a second weak peak at lower frequency shifted
by 23 nm. This is not the resonance case in Fabry—Perot cav-
ity formed by the large reflectivity at the GaN interfaces.
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FIG. 2. Normalized electro-luminance (EL) spectra from an InGaN/GaN
LED for different currents. The inset shows the dependences of the three
emissions on current amplitudes.

Because the cavity length would be ~1726 nm which is of
two order cavity dimension in our case. It is proposed that
the inhomogeneous InGaN part contributes to the relatively
weak 463 nm emission. The bipartition of the spectrum was
measured at a wavelength value 4., =488 nm. These two
peaks increase as the injection current increases. The inset of
Fig. 2 shows the dependences of the intensity of EL emis-
sions on the current densities. It indicates that the intensity
of the blue emission (440 nm) increases more initially than
that of green one due to the larger emission area. At high
currents, this emission is saturated while the band at 463 nm
is not. Similar intensity changes at various currents have
been observed in hybrid GaN-PTA LEDs.*® The intensity of
the green emission (517 nm) is nearly linear to the injection
current. The difference in intensity between the two emis-
sions increases with the injection level, but decreases under a
large injection current (1000 mA). At the later stage, the
decrease in intensity difference results from the joule heating
at a high injection current which weakens the quantum con-
finement in QW. The effect of joule heating on excitons in
QDs is not significant (only a small decrease in intensity dif-
ference) due to their large confinement energy. The satura-
tion of the blue emission, however, is essentially the result of
low quantum efficiency at high junction temperatures.

It is suggested that the blue emission from QW blue
shifts as the current increases.** This is due to the filling of
localized states in the In-rich region, and to the screening of
the piezoelectric field in strained MQW structures.*~° There
is no wavelength shift in either emission at low injection
current. This may be complemented by the red-shift factor
or the charge transfer modified piezoelectric field.”” Under
high injection current, high junction temperature may cause
redshift to occur in the peak emissions.>® There are no wave-
length shifts, suggesting that the emissions are less influenced
by junction temperature. The two emissions (440 and 465 nm)
are not found exclusively on Philips LEDs, they are found
also on LEDs made by other manufacturers, for example Cree
XLamp, Samsung Sunnix, and Wai Chi Elect, and other
research groups using InGaN-based LEDs that adopt a similar
white light emission method 3334+37-38 However, we observed
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FIG. 3. Normalized electro-luminance (EL) spectra from an InGaN/GaN
LED submitted to different stress currents. The inset shows the dependences
of the three emissions on current amplitudes.

insignificant blue or red shifts (< 0.5 cm™') in wavelengths
for both the emissions which may be understood as compensa-
tion between band-filling, screening, and piezoelectric field-
induced quantum confined Stark effects (QCSE).* This is the
reason why we chose Philips LEDs for studying the degrada-
tion mechanism. The spectrum is reversible when the current
is below 2100 mA, i.e., same features and intensities of the
different emission bands are reserved for a specific current.
The relative intensity—current characteristic of an LED
after ageing is shown in the inset of Fig. 3. The amplitudes
of the main EL which peak at 440 and 517 nm, decrease as
the current increases as shown in the inset of Fig. 3. How-
ever, the amplitude of the blue emission at 463 nm does not
decrease but increases gradually to a maximum at 2500 mA
which is 47% more than the initial value shown in the inset.
This intensity enhancement or the late degradation has not
been highlighted before even though similar EL features
have been observed in In-doped GaN and N-doped GaP
LEDs.”'%4 In Fig. 4, the Raman shift of the EzH mode and
the LED junction temperature deduced there from are plotted
in dependence on the applied current. At zero current, the
phonon wave number equals 571.1 cm ™' which corresponds
to the room temperature of nearly 300K. The phonon

571.5 T T T T T T T
. 1420
/
o i {400
£ 5710 %gg, ./ 140
e “Pag IR
<5705} o e a® " B
E . ED ‘ = .y . 1360 E
< «* "Oppooo Q
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c 5700} o L 1340 £
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g e \ 1320
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FIG. 4. Raman shift of the £," phonon (left y-axis) and the LED junction
temperature deduced there from (right y-axis).
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frequency starts to decrease at 100 mA and shifts downwards
to 570.2 cm™ " at 2100 mA. This corresponds to an increase
of the temperature from 300 to 368K. At 2100 mA, it starts
to decrease and equals 365K at 2300 mA. The intensity
enhancement in EL is accompanied by a decrease in temper-
ature. The phonon frequency starts to decrease again when
the current is above 2300 mA. Due to the charge competition
between the three emissions, the temperature decreases to
365K at 2300 mA but not 2500 mA. It is worth mentioning
that such temperature profile cannot be observed using ther-
mocouples nor infrared cameras as the surrounding device
components and optics may average out the difference while
only surface temperature can be measured.

The different variations in the two emission peaks with
increasing current may be explained as follows. It is postu-
lated that the 440 nm peak is essentially related to shallow
defect energy level which is not thermally stable for elec-
trons at this level.*' However, by taking a transition to the
conduction band, most electrons in the shallow level are
thermally ionized as the temperature increases to above 368
K (at 2100 mA), and may recombine nonradiatively. This
results in a rapid decrease in the luminescence intensity at
440 nm. Joule heating increases which could cause an eleva-
tion of junction temperature. However, Raman temperature
measurement shows that the temperature decreases initially
and increases when the current is above 2300 mA. It is then
postulated that the emission peak of 463 nm exhibits a
smaller dependence on the temperature, suggesting that most
of the electrons that are excited in the deeper defect energy
levels, are thermally stable.*' The electrons may return to
the ground state via radiative transitions at current above
2100 mA, results in decreasing temperature. The intensity
enhancement with increasing current may thus be mainly
induced by enhanced radiative recombination. At current
above 2300 mA, joule heating keeps increasing and junction
temperature increases. Moe et al. reported that AlGaN-based
LED heating, was correlated with the initial drop in output
power during burn-in, but is not directly linked to the total
degradation over the lifetime of the device.** Their observa-
tion is not the same as ours because their LEDs are aged
thermally at the equivalent temperatures, such that they have
less degradation that those electrically biased. The degrada-
tion under operating currents is attributed to the increased
nitrogen vacancy formation caused by energetic electrons at
the junction.

The current-voltage (/-V) characteristics of an LED
before and after forward-current stress are shown in Fig. 5.
Compared to the curve before ageing, the stressed curve
shows a significant current increase in the low forward bias
voltage V¢ Three characteristic regions of LED operation
can be observed: (1) Low bias region where V;< 2.6 V, the
[-V characteristic is dominated by the nonradiative recombi-
nation of carriers in the space charge region (I < 1.8 mA).
(2) As the bias voltage is increased such that Vi >2.6 V, the
injected carriers occupy the active layer and thus radiative
recombinations become dominant. (3) With the bias voltages
increasing, Vi > 3.0 V, the -V characteristic, which is essen-
tially ohmic, results from the device’s series resistance. At
the same low forward bias voltage, the ageing effect is to
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FIG. 5. I-V characteristics of the LEDs before and after forward-current
stress.

shift the /-V curve to a higher current. This change takes
place only in the higher forward bias region when the LED
starts to radiate (2.6-3.0 V). The diode ideality factor is
increased (~2.8) in the low bias region too, but is decreased
in the high bias range (~4.0) due to the ageing effects. How-
ever, as pointed out by Masui et al. that the measured ideal-
ity factors are higher via /-V method when quantum well
structure takes over the role of the recombination plane.*?
Obtained ideality factors on commercial LEDs could be cor-
rected by a factor of 2 via photoluminescence technique.
These values are 1.4 and 2.0 in the low and high bias ranges,
respectively, which agree well with the Sah-Noyce-Shockley
(SNS) analysis.** We do not consider reverse-bias stress, as
the physical model for defect creation could be different, as
it involves the creation of deep-level states in the cladding
layers and results in avalanche breakdown.

The shifting of the /-V curve is an indication of defect
generation in the active layer. The nonradiative recombina-
tion rates and thus the current are enhanced by the new
defects in the active layer.*> This excess current component
is also visible in the high-voltage range even if the radiative
recombination is dominating over the nonradiative one. A
large amount of heat is generated in the active layer where
the majority of carriers recombine at a high-current density.
This results in a high junction temperature. Hot carriers can
transfer enough energy to the lattice displacing the atoms
and breaking the metal-N bonds.*’ The presence of defect
density due to ageing is observed as being more pronounced
in the low bias /-V characteristic of LED.

The Luminance-Current (L—/) characteristics before and
after ageing are shown in Fig. 6. The L—/ curve is tradition-
ally divided into a nonlinear and a linear region.*®~** The lin-
ear region is a result of the radiative recombination
dominating in the active layer at a high bias voltage. In the
nonlinear portion, the radiative intensity increases in roughly
a quadratic manner as the forward bias current increases.
The nonlinear region is not considered here as radiative
emissions and their relationship with defect generations due
to degradation are the main concern in this study.

The L-I curve is almost linear above 3 mA before age-
ing, whereas it became linear at slightly higher values above
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FIG. 6. L-I characteristics of the LEDs before and after ageing. A current of
2100 mA was used.

6 mA after ageing. This behavior can be understood by using

the continuity equation for the injected electrons n:*’
dn J
— =" — An— Bn’. 2
it —ed " @

The change in current is equal to the current injection rate, J/
ed, minus the nonradiative rate, An, and radiative emission
rate, Bn?. Here J is the current density, e the electron charge,
d the thickness of the active layer, and A and B are the nonra-
diative and radiative recombination coefficients, respec-
tively. Due to the large bandgap energy of InGaN, Auger
recombination is neglected. Assuming also background car-
rier density is negligible, thus electron and hole are of equal
concentration. As the current density increases the radiative
recombination of carriers, the Bn? term starts to dominate
such that the light output L becomes linear with current den-
sity J until the current induced heating results in a sublinear
increase of L with J. At steady-state conditions dn/dt = 0, the
light emission is then

L=Bn"~—. 3)

The nonradiative recombination coefficient A can be
expressed by the Shockley-Hall-Read recombination rate: >

A == NfohG (4)

Where N, is the defect density of trap, v,, the thermal veloc-
ity, and o the electron capture cross section. It is assumed
that the capture cross sections and the thermal velocity are
equal for both electrons and holes. An increase in defect den-
sity N,, will then reduce the total light intensity L for a spe-
cific forward current. It is worth mentioning that the total
light intensity L defined here refers to the summation of the
three intensities, Lisonm, L463nm» and Lsi7,m shown in the
inset of Fig. 2. Similarly, the same summation is applied to
the reduction in light intensity shown in the inset of Fig. 3.
An increase in defect density NV,, will cause the light intensity
L to decrease for a fixed current. Due to the ageing treatment,
the defect density N, is increased roughly by a factor of 1.3,

J. Appl. Phys. 109, 094509 (2011)

as shown in Fig. 5. In the active layer the generation of
defects during the ageing treatment reduces the light emis-
sion from the LED in the low current regime. However, these
nonradiative recombination processes become saturated at
high current levels.

IV. CONCLUSION

In summary, we have presented methods of identifying
the degradation mechanism of InGaN/GaN blue LEDs
using the current-voltage and electro-luminance character-
istics. Interpretation of the change in /-V curves in a high-
current regime is a manifestation of defect generation in the
LED’s active layer. The defect generation can be identified
by the L-I characteristic that the nonlinear part of the curve
shifts to higher current levels. The 440 nm blue emission
from the homogeneous InGaN quantum well (QW) was
temperature sensitive and thus related to shallow defect lev-
els, while the 463 nm emission from inhomogeneous QW
was thermally stable and intensity enhancement was
observed. Raman spectroscopy was used to determine the
junction temperature at various operating currents. A new
degradation characteristic of high power GaN-based white
LEDs was identified. Furthermore, the local temperature of
InGaN/GaN LED in dependence on the applied current was
determined, demonstrating the potential of our results for
the investigation of optoelectronic devices in operation.
Experiments on investigating the nonradiative defect cen-
ters generation mechanism in the active layers are under-
way and will be reported later.
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