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Accurate measurement and influence on device reliability of defect
density of a light-emitting diode*
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A method of accurately measuring the defect density of a high-power light-emitting diode (LED) is proposed. The
method is based on measuring the number of emitting photons in the magnitude of 10% under the injection current as weak as
nA and calculating the non-radiative recombination coefficient which is related to defect density. Defect density is obtained
with the self-developed measurement system, and it is demonstrated that defect density has an important influence on LED
optical properties like luminous flux and internal quantum efficiency (IQE). At the same time, a batch of GaN-based LEDs
with the chip size of 1 mmx1 mm are selected to conduct the accelerated aging tests lasting for 1000 hours. The results
show that defect density exhibits a greater variation and is more sensitive to LED reliability than luminous flux during
aging tests. Based on these results, it is concluded that for the GaN-based LED with a chip size of Imm x 1mm, if its defect
density is over 10!7/cm?, the LED device performance suffers a serious deterioration, and finally fails.
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1. Introduction

The reliability of the high-power light-emitting diode
(LED) chip has significant influence on expansion of solid
state lighting applications. The introduction of defects in the
chip growth process is an important factor affecting the relia-
bility of the high-power LED chip. In the active layer, defects
act as non-radiative recombination centers and capture carriers
without emitting photons. It has been proved that the failure of
an LED is related closely to the increase of defects during its
lifetime. That is to say, defect density indicates LED reliability
to a large extent.!!)

Recently there have been lots of reports to clarify the in-
fluence of defect density on the luminescence properties of
LEDs. >l However, the measurement of LED defect density
is still under discussion. With the LED chip surface covered
with complex structures of the electrode and the active layer
being located inside the chip, existing defect detection tech-
nology including XRD (X-ray diffraction) and TEM (trans-
mission electron microscope) cannot detect LED defect den-
sity within the active layer effectively.[>-8]

Under common operating current, radiative recombina-
tion of an LED is dominant over non-radiative recombination.
However, to obtain the defect density, non-radiative recom-
bination must be dominant and that means the LED needs to
work under quite weak current. According to this principle, an
accurate measurement method of determining the defect den-
sity of high-power light-emitting diodes (LEDs) is proposed
in this paper. It is based on the definition of “initial detection
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point”, that is, at this point carriers in the active layer mainly
contribute to non-radiative recombination with an extremely
small number of carriers becoming radiative photons in the
magnitude of 107 under injection current as weak as nA. The
number of emitting photons and the injection current of “ini-
tial detection point” will be measured. Then the defect density
will be obtained by calculating the non-radiative recombina-
tion coefficient which is proportional to defect density. With
accurate and rapid measurement of defect density, this method
provides direct evidence for the evaluation of LED reliability.

2. Theory

The carriers injected into the LED active layer will trans-
port through different mechanisms as shown in Fig. 1. The
injection current J is assigned into several processes including
radiative recombination with emitting photons, non-radiative
Shockley—Read—Hall recombination, Auger recombination,

and leakage current out of the active layer. 191

Then the rate equation can be expressed as!!' 2]

dn/dt = J/ed — An— Bn® — Cn® — J Jed), (1)

where 7 is the carrier density; J is the injection current density;
e is the unit charge; d is the active layer thickness; A, B, and
C are the coefficients of SRH, radiative, and Auger recom-
bination; Ji, is the leakage current; d; is the minority carrier
diffusion length in the p-type confining layer.
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Fig. 1. (color online) Illustration of carrier transport mechanism in or
near the active layer of GaN-based LED.
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In a multi-quantum-well (MQW) GaN-based LED, Auger
recombination C and leakage current Ji, can be ignored, so
equation (1) reduces to

dn/dt = J/ed — An— Bn*. 2)

Under steady-state conditions, dn/df = 0, and equa-
tion (2) reduces to

J/ed = An+Bn* = Ng +R, (3)

where An is the non-radiative SRH rate and Bn? is the radia-
tive rate, as they can be replaced by Nr and R, i.e., Nr= An
and R = Bn?.

In Eq. (3) the term A is given by the non-radiative SRH
recombination rate as

1
A= EJvTcw, 4

where Nt is the defect density, o is the capture cross section,
and v is the thermal velocity. As ¢ and Vv are constants, Nt is
obtained by calculating A from Eq. (3). In Eq. (3), to calculate
the value of A accurately, Nr term needs to be dominant over
R term, that is to say, Nr > R. This condition will be satis-
fied if n is small enough, which means that the LED needs to
work at the “initial detection point” which is defined above.
Generally, it is considered to be the “starting luminous point”
if Nr /R > 10°.

Then there are equations at the “initial detection point”,
expressed as follows:

J/ed = An,
L = Bn?sd, )
A= INrov,

where J is the injection current density, s is the surface area of
LED chip, d is the active layer thickness, e is the unit charge,
L is the number of emitting photons, B is radiative recombina-
tion coefficient considered to be a constant related to material,
and Nr is the defect density and can be obtained from Eq. (5)
as

2J Bsd
—. (6)

T:ed*cv L

In summary, defect density Nt can be obtained by the
measurement of the injection current density, J, and the num-
ber of emitting photons, L at “initial detection point”. Equa-
tion (6) can be applied to all the GaN-based LEDs because
they have the same mechanisms in the introduction of defects.

3. Experiment
3.1. Measuring instruments

Figure 2 shows the experimental apparatus of measuring
the defect density of GaN-based LED.
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Fig. 2. (color online) Experimental apparatus of measuring the defect
density.

The constant current source provides constant current for
the LED whose range is from 10712 A to 1073 A. A shielding
system is used to shield the ambient light and electromagnetic
interference. The LED works at the “initial detection point”
by adjusting the current source and it will rotate 180° about
the shaft in steps of 0.5°. At the same time, the photodetector
measures the LED spatial number of photons distributed in the
minimum magnitude of 10°. Then the total number of photons
emitted by LED, L, is obtained by integrating the spatial pho-
ton distribution. Finally, on the basis of calculation with the
parameters J and L at the “initial detection point”, the defect
density of LED is given by computing.

3.2. Aging tests

Two groups of 1-W commercial blue LEDs are selected to
conduct aging tests which are denoted as a and b, three sam-
ples for each group. The parameters of each sample are as
follows: surface size of the chip is 1 mmx 1 mm, active layer
thickness is 100 nm, radiative coefficient B is 10710 cm3/s, the
capture cross section ¢ is 10™!5 cm? and the thermal velocity
v is 107 cm/s. Then equation (6) is given as

2J Bsd

J
= —— =4x10%. —. 7
ed-ovV L VL 7

T

The accelerated aging tests of samples are conducted at
the aging platform with the temperature of substrate at 50 °C
and aging current at 500 mA, and last for 1000 hours. As for
the junction temperature of the sample, it is measured by self-
developed junction temperature test apparatus and the result
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shows that junction temperature is 60 °C.[3 At 150, 300, 450,
750, and 1000 hours, the defect densities and optical and elec-
trical properties of the samples are measured. The measured
values of defect density during aging are given in Table 1.

Table 1. Measured values of defect density (/cm®) during aging.

Sample Oh 150 h 450 h 750 h 1000 h
al 6x1013  12x10™  4x10™  5x10™  5.6x10'
a2 I1x10"%  2.1x10™  8x10™ I1x10  1.2x109
a3 1.2x10"%  25x10M  1.1x10%  1.5x10%  2x10'9
bl 48x10™  1x10 5x101 7x 101 1x10'®
b2 5%10%  12x105  6.5%x10°  8.5x10  1.5x10'©
b3 110 35%x10°  2.5%x10¢  5x10' 8x 100

4. Results and discussion
4.1. Defect density and optical properties of LED

Figure 3 shows the plots of the number of emitted pho-
tons versus injected electrons for three LED samples. Their
“starting luminous points” are shown as illustrated in the in-
set of Fig. 3. The values of Ng /R are also given in the figure.
It is obvious that the sample with higher defect density has
a greater value of Ng/R. Under higher injected electrons the
radiative recombination is dominant. The three samples emit
almost the same number of photons. With injected electrons
decreasing, the sample with higher defect density emits fewer
photons since non-radiative recombination starts to dominate.
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Fig. 3. (color online) Plots of number of emitted photons versus injected
electrons for samples with different defect densities.

To clarify the effect of the defect density on the optical
property of the LED, the relative luminous fluxes of the two
groups of samples are measured under different currents as
shown in Fig. 4.

In Fig. 4, the solid points represent the real measurement
data and the lines denote the fitting curves. As shown in Fig. 4,
under an injection current of 0.1 nA, the relative luminous flux
is approximately inversely proportional to the square of the de-
fect density. It can be expressed as

4B [ J\* 1
L:Bn2z<> —. (8)
o2v2 \ ed N%

With the injection current increasing, the effect of defect
density on luminous flux of LED becomes smaller. When in-

jection current reaches 350 mA, the relative luminous flux al-

most does not change with defect density.
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Fig. 4. (color online) Plots of relative luminous flux versus defect den-
sity under different currents.

4.2. Calculation and discussion of internal quantum effi-
ciency (IQE)

According to ABC model, internal quantum efficiency can

be expressed as!!4 13

Bn?

T Ant B2 1Cnd’ ©)

Uit

where A, B, and C, represent coefficients of the Shockley—
Read-Hall (SRH), radiative, and Auger recombination pro-
cesses, respectively. For samples selected in this paper, B =
10719 cm3/s, € = 1072 cm®/s. The value of A can be calcu-
lated from Eq. (4) where 6 = 1015 em?2, v = 107 cm/s. Then
IQE can be calculated from Eq. (9) and the actual value of IQE
can be obtained through measurement apparatus.

As shown in Fig. 5, the solid curves represent calculated
values of IQE of two samples (samples al and b3) with dif-
ferent defect densities. Under the same injection current, the
sample (sample b3) with higher defect density has a smaller
value of IQE. With injection current decreasing, the differ-
ence in the value of IQE between the two samples becomes
larger; with injection current further increasing, the difference
becomes smaller and smaller and there appears an efficiency
droop in each IQE curve.!'®!7l According to Eq. (9), at the
maximum value of IQE, dn;/dn = 0 and npax = \/A/C. As
C is a constant for different samples, the sample with higher
defect density (i.e., sample b3) has a higher injection current
at the peak of IQE as shown with a dotted line in Fig. 5.

The measured values of IQE are shown as solid points in
Fig. 5. Compared with calculated values, they are in pretty
good agreement with each other under weak injection current.
But with the current increasing, the measured values are less
than the calculated values and the difference between them be-
comes larger. The reason for this phenomenon is that in the
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calculated values of IQE, the coefficient of radiative recombi-
nation, B, is taken to be a constant. But in fact, when injection
current increases up to higher than 1 mA, radiative recombi-

nation is saturated and the value of B will become smaller, [18]
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Fig. 5. (color online) Calculated and measured values of IQE versus
injection current for samples with different defect densities.

5. Defect density and reliability

Figure 6 shows the variations of defect density and rela-
tive luminous flux with stress time.
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Fig. 6. Variations of defect density and relative luminous flux with
stress time.

In Fig. 6, the thin solid curve (with solid squares) repre-
sents the results of sample al, the thick solid curve (with solid
circles) represents the results of sample b3, the solid line rep-
resents the luminous flux, and the dotted line represents defect
density. As can be seen from Fig. 6, sample al has a lower
initial defect density than sample b3. Defect density increases
and relative luminous flux decreases with stress time. The in-
crease of defect density and decrease of relative luminous flux
for sample al are smaller. A reasonable explanation is that
under the high temperature and high current stress aging con-
ditions, defects act as SRH recombination centers and capture
carriers without emitting photons in the active layer. Energy
generated with SRH recombination is transferred to the lattice
so that the lattice vibration intensifies, resulting in the genera-

tion of more defects.

Furthermore, after 1000-hour aging time, the decrease of
relative luminous flux of sample b3 is 10 times that of sample
al and the defect density increases 100 times. So the variation
in the defect density can be more sensitive in reflecting the re-
liability of LED. It is generally believed that if the decrease
of luminous flux is over 30% the LED device is thought to be
in failure. In Fig. 6, the decrease of luminous flux for sam-
ple b3 is over 35%, so it is believed that sample b3 is already
in failure.!'”! Based on the phenomena appearing in the case
with the increase of defect density, it is concluded that if the
defect density is over 10'7/cm?3, the LED device suffers a seri-
ous deterioration in performance, and it is actually already in
failure.

As shown in Fig. 7, with the increase of defect density,
LED lifetime presents a decreasing trend, and it is reduced
quickly with defect density increasing. When defect density
is less than 10! cm?, LED lifetime is about thirty thousand
hours. But when defect density increases to over 10'7/cm3,
its lifetime comes to an end. Figure 7 further demonstrates
the conclusion mentioned above: if the defect density is over
10'7/cm? the LED device suffers a serious deterioration in per-

formance, and it is already in failure.
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Fig. 7. (color online) calculated lifetime of LED versus defect density.

6. Conclusion

A method of accurately measuring the defect density of
a high-power light-emitting diode (LED) is proposed. This
method can be applied to all the GaN-based LEDs. With the
self-developed measurement system based on low light level
detection, the “initial detection points” of two groups of LED
samples each with a size of 1 mmx1 mm are measured and
they are characterized by the ratio of non-radiative recombina-
tion to radiative recombination. The relative luminous fluxes
of the two groups of samples are obtained under different cur-
rents, and the results show that the luminous flux is approx-
imately inversely proportional to the square of defect density
The coeffi-
cient of non-radiative recombination can be calculated from
defect density, and IQE curve is obtained according to ABC
model. The value and peak point of IQE curve are related

when non-radiative recombination is dominant.
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closely to defect density. The defect density and luminous flux

are measured before and after aging, and then LED lifetime is

calculated with the fitting parameter. Finally, it is concluded

that the defect density can be more sensitive in reflecting the
reliability of the LED: if the defect density is over 10'7/cm?,
the LED device suffers a serious deterioration in performance

and finally it is in failure.
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