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This paper reports that a dual-wavelength white light-emitting diode is fabricated by using a metal-organic chem-
ical vapor deposition method. Through a 200-hours’ current stress, the reverse leakage current of this light-emitting
diode increases with the aging time, but the optical properties remained unchanged despite the enhanced reverse leakage
current. Transmission electron microscopy and cathodeluminescence images show that indium atoms were assembled
in and around V-shape pits with various compositions, which can be ascribed to the emitted white light. Evolution of
cathodeluminescence intensities under electron irradiation is also performed. Combining cathodeluminescence intensi-
ties under electron irradiation and above results, the increase of leakage channels and crystalline quality degradation
are realized. Although leakage channels increase with aging, potential fluctuation caused by indium aggregation can
effectively avoid the impact of leakage channels. Indium aggregation can be attributed to the mechanism of preventing
optical degradation in phosphor-free white light-emitting diode.
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1. Introduction

Since the first InGaN/GaN light-emitting diode
(LED) was fabricated, GaN-based LED technology
has been widely used in various areas.['~® Owing to
its high luminous intensity and great performance,
GaN-based LED is considered to be a next generation
light source and a future replacement of the fluores-
cent lamp. However, the GaN-based LED still has
plenty of unsolved problems, such as indium fluctua-
tion, efficiency droop, degradation mechanism, and so
on. According to the reported papers,'~1% many phe-
nomena of the LED’s degradation have been reported,
including electrical deterioration, C-V evolution, op-
tical weakening, and so on. The degradation prop-
erties of phosphor-packaged white LED included the
aging of phosphor beside the phenomena mentioned
above.[6—10]

Phosphor-free white LED, as an alternative for
a complicated post-growth process, has become a

hot research topic of gallium nitride material.l'1=13]

Many methods including prestrained layer,'%) wetting

(1] Si-Zn codoped,® and epitaxial lateral over-

layer,
growth (ELOG) microfacets, '3 have been successfully
introduced into the fabrication of phosphor-free white
LED. Taking application into account, optical stabil-
ity of white LED is an important issue. However, the
evolution of phosphor-free white LED’s optical and
electrical properties under electrical stress has never
been reported. In this paper, the stability perfor-
mance of white LED under electrical stress is reported.
An enhanced “potential quantum confinement” mech-

anism for optical anti-degradation is discovered.

2. Experiment

Phosphor-free white LED was grown on c-plane
sapphire substrate by metal-organic chemical vapour
deposition (MOCVD). Ammonia, trimethylindium,
and trimethylgallium were used as nitrogen, indium
and gallium precursors, silane (SiH4) and bicyclopen-
tadienyl magnesium (Cp2Mg) were the source of n-
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type and p-type dopant. The device included a 25-
nm thick buffer layer and 1-pym unintentional doped
GaN layer followed by a 2-um n-type GaN. A 150-
nm thick In,Ga;_.N layer with nominal z = 0.15 was
deposited between the n-type and six multi-quantum
wells (MQWSs) to adjust the strain distribution of
MQWs. Finally, a 15-nm p-Aly 2Gag gN capping layer
was deposited followed by a 200-nm p-type GaN. To
fabricate LEDs with a size of 300x300 ym?, the p-
GaN and MQW layers were etched away by induc-
tively coupled plasma (ICP) until the n-GaN layer was
exposed for n-type Ohmic contact formation. Ti/Al
and Ni/Au layers were used for the n- and p-type elec-
trodes, respectively.

The LEDs were then stressed under a forward-
current density of 26.5 A/cm? for 200 h. The tests
were performed on packaged chip level at room tem-
During the 200-hours’ 26.5-A/cm? cur-
rent stress, current—voltage (I-V'), luminescence out-

perature.

put intensity-current (L-I), and electroluminescence
(EL) properties of chips were performed. Evolution of
wafer’s cathodeluminescence (CL) intensity was also
recorded during 30-min’s 15-keV electron irradiation
for exploring the degradation mechanism of electri-

cal stress. In order to investigate the luminescence
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properties of phosphor-free white LED, the wafer was
measured by transmission electron microscopy (TEM)
and CL monochromatic experiments. The I-V mea-
surements were taken with the HP 4155C instrument.
The TEM and CL experiments were performed on a
system composed of Mono CL of Gatan and a JEOL
JSM6700F instrument.

3. Results and discussion

Figure 1(a) shows logarithmic I-V curves during
the 200-hours’ aging under 26.5-A/cm? current den-
sity condition. Figure 1(b) represents the forward part
of the I-V curves plotted in linear coordinates. With
the longer aging time, the white LED’s leakage cur-
rent at —5 volt gradually increased three orders of
magnitude from —8 to —5. However, represented by
Figs. 1(a) and 1(b), our chip’s forward I-V character-
istic (including forward leakage current in low voltage,
ideal factor and parasitic resistance) did not change.
Figure 2(a) represents luminescence output intensity
of white LEDs as a function of current (L-I). Figure
2(b) shows the output intensity plot at 20 mA as a
function of aging time.
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Fig. 1. (a) Evolution of logarithm I~V curves during 200-hours’ aging period under 26.5-A/cm? current density; (b)

forward part of the I-V curves plotted in linear coordinates during 200-hours’ aging.

600 |
400 | o

200 f

O A n n n

Output intensity/arb. units

0 10 20 30 40 50
Current/mA

2
5 180} (b)
b | Y]

5

= 140} \H\{ }—«——{

= -

g N
[}

E 100 f

= [

g 6op ) . . )
o 0 50 100 150 200

Time/h

Fig. 2. (a) Light output intensity as a function of injection current during 200-hours’ aging period; (b) light

output intensity as a function of aging time at 20 mA during the stress.
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Within the allowed range of error, figures 2(a) and
2(b) show that the output intensity did not change
during the stress. Figure 3 shows the normalized EL
spectrum at 20 mA.
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Fig. 3.
20 mA during the aging period.

Change of normalized intensity spectrum at

Besides the intensity shown in Fig. 2(b), the spec-
trum of white LED did not change as well in Fig. 3.
It means that the colour of this chip was stable during
its operation.

The increase of reverse leakage current cannot
be explained by deterioration of Ohmic contact or
other effects (such as temperature), because such ef-
fects would also increase the forward leakage current.
More convincing crystal quality’s deterioration under
electron injection will be shown in electron irradiation
experiment later. Thus, crystalline quality degrada-
tion and increase of leakage channels were expected
to interpret the enhanced reverse leakage current. The
results of L—I and EL curves exhibit significant differ-
ences from properties of conventional GaN-based blue
LEDs. Results of conventional blue LEDs reportedly
had nearly exponential decay of luminescence output
power at the same aging period.l"*~16 Their lumi-
nescence output intensity declined quickly when re-
verse leakage current increased.[”10:14=17 The stable
spectrum and unchanged light output intensity of the
white LED distinguished it from blue LEDs.

For comparison, figure 6(a) represents the CL
spectrum of the wafer under 15-keV electron injection.
From Fig. 6(a), two emission peaks at 460 nm and
560 nm were detected. Figure 4 shows the CL inten-
sity’s evolution of both bands under 15-keV electron
irradiation in 30 min. The intensity of both blue and
green band decreased with irradiation time. The de-
creased intensity under electron irradiation indicated
that the crystalline quality of white LED indeed de-
teriorated under electron injection. Considering the

difference between EL and CL mechanism, explana-
tion for the stable output power in EL experiments
will be presented after the study of white light emis-

sion origin.
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Fig. 4. CL intensity’s evolution of both bands under
15-keV electron irradiation.

To further investigate the origin of degradation
characteristic, the white light emitting mechanism was
first realized by TEM and CL experiments.
5(a) shows the image of the six quantum wells in

Figure

phosphor-free LED. The regions with dark contrast in
Fig. 5(a) constituted the wells’ areas. In Fig. 5(b), the
arrows mark a V-shape pit at the location of the six
quantum wells. Around the bottom of this V-shape
pit, dark spots indicate the aggregation of indium
atoms. Similar results demonstrating indium aggre-
gation around V-shape pits have also been reported
by Lin et al.'¥ and Yang et al.['8]

InGaN
well

Fig. 5. Transmission electron microscopy (TEM) (a) on
the region of multiple quantum wells (MQWs) and (b) on
the region of V-shape pits.

For studying the relationship between V-shape
pits and white light luminescence further, we per-
formed CL measurement for this wafer under 15-keV
electron radiation. Figure 6(a) represents the CL spec-
trum of a 5x5 um? region. Two emission peaks at
460 nm and 560 nm were detected. Monochromatic
CL images were collected at the corresponding peaks’
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wavelength, shown in Figs. 6(b) and 6(c), respectively.  ing into the bottom and less indium atoms assembling
Comparing the arrow-marked regions in Figs. 6(b) and  around the bottom. In the bottom of the V-shape pits,

6(c), the regions emitting green light were always sur- green light at 560 nm was emitted since more indium
rounded by the areas emitting blue light. Related atoms aggregating. Surrounding the bottom, regions
with less indium emitted blue light at 460 nm. The

emission of white light induced by indium aggrega-

to indium aggregation in the V-shape pits emerged
in TEM image, conclusions on V-shape pits regions
emitting white light could be made. With the intro-
duction of prestrained layer and the emergence of V-
shape pits, strain distribution was modulated. This more convincing here by addition of V-shape pits in

tions has been reported by Fang et al.'? We make it

modulation resulted in more indium atoms aggregat-  TEM image.
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Fig. 6. (a) The CL spectrum in visible wavelength; monochromatic CL images of 460 nm (b) and 560 nm (c).

Considering the white luminescence from V-shape pits, the results could be explained by this model: in
our phosphor-free white LED, the white light emitting mechanism was attributed to indium aggregations with
different composition in and around the V-shape pits. During the current stress, as expected, the crystalline
quality of white LED became worse, which has been verified by electron irradiation performance. From the
view of electrical properties, reverse leakage current significantly increased. However, as a result of potential
fluctuation enhanced by V-shape pits, carriers had more possibility for taking the radiative recombination path
in the indium assembled regions under forward injection condition.'®=2! Thus, electrons and holes did not
take leakage paths to form the forward leakage current as reported before in blue LEDs.[6~9 Instead, carriers
took their special way through the “concave” of the energy band, and still recombined in the V-shape pits
as the way before degradation. Indium aggregation in the V-shape pits, behaved as passages for the radiative
recombination centre. Although leakage channels increased, it would not impact the carriers’ path in the forward
current. Therefore, the optical and forward electrical properties kept stable during the current stress. Carriers’
quantum confinement seems not only to enhance the overlap of function waves, but also has the function of
optical anti-degradation. However, CL spectrum was performed by scanning electron injected onto the whole
region of corresponding SEM image. The carriers in CL were generated and recombined homogeneously in the
whole active region including the leakage channels. This is the reason for CL intensity suffering the degradation

while EL intensity retaining stable.

4. Conclusion

In summary, the phosphor-free white light-emitting diode was fabricated by MOVCD method. During the
aging test, as illustrated by the enhanced reverse leakage current and decrease of CL intensity under electron
irradiation, the chip’s quality was indeed degraded. However, a stable optical property of the chip was obtained
during the degradation. Through the TEM and CL methods, the white light luminescence mechanism was
attributed to the indium aggregations related with V-shape pits. Thus, during the aging process, luminescence
degradation induced by the leakage channels can be effectively avoided. Indium aggregation seems to be a new
mechanism for optical anti-degradation and good for the application of white light-emitting diodes.
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