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The degradation mechanism of GaN-based near-ultraviolet (NUV, 320—400 nm) light emitting diodes (LEDs) with
low-indium content under electrical stress is studied from the aspect of defects. A decrease in the optical power and
an increase in the leakage current are observed after electrical stress. The defect behaviors are characterized using deep
level transient spectroscopy (DLTS) measurement under different filling pulse widths. After stress, the concentration of
defects with the energy level of 0.47-0.56 eV increases, accompanied by decrease in the concentration of 0.72-0.84 eV
defects. Combing the defect energy level with the increased yellow luminescence in photoluminescence spectra, the device
degradation can be attributed to the activation of the gallium vacancy and oxygen related complex defect along dislocation,
which was previously passivated with hydrogen. This study reveals the evolution process of defects under electrical stress
and their spatial location, laying a foundation for manufacture of GaN-based NUV LEDs with high reliability.
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1. Introduction

GaN-based near-ultraviolet (NUV, 320400 nm) light
emitting diodes (LEDs) have received extensive attention in
practical applications such as curing, short-distance fiber com-
munications, biosensors, and materials processing.!'™*! Due
to the advantages of small dimensions, low power consump-
tion, and environmental protection, the market for NUV
LEDs is continuously expanding. However, during opera-
tion, some reliability problems, such as optical power (OP)
decay, have been the bottleneck for the further development of
devices.!>7 Therefore, it is essential to study the degradation
mechanisms of GaN-based NUV LEDs under electrical stress.

For GaN-based LEDs, it is suggested that electrical
stress-induced degradation can be attributed to the generation
or the propagation of point defects activated by carrier trans-
port, such as vacancies or anti-site defects.’812] In addition,
effects of dislocations on device degradation cannot be ignored
for NUV LEDs!'3151 due to the lack of In-rich clusters that
separate carriers from dislocations.!'®! However, the behavior
of defects that cause device degradation has yet to be con-
firmed. The process of defect generation/propagation under
electrical stress should be further demonstrated.

In this work, we investigate the degradation mechanisms
of NUV LEDs under electrical stress from the aspect of de-
fects. Under different stress time, the optical and electrical
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characteristics in NUV LEDs are evaluated by electrolumines-
cence (EL) and current—voltage (/-V) measurement. Mean-
while, the deep level transient spectroscopy (DLTS) measure-
ment is applied to characterize the defect behavior, including
defect concentration, energy level, and cross section. From the
DLTS results under different filling pulse widths, the defect
spatial distribution is analyzed in detail. In addition, photolu-
minescence (PL) measurement is also introduced to assist in
judging the origin of the defect leading to degradation.

2. Device and experiments

The experimental analysis was performed simultaneously
on five NUV LEDs with a peak emission wavelength of
385 nm from the same wafer. As shown in Fig. 1, from bottom
to top, the structure consists of a sapphire substrate, an un-
doped GaN buffer layer, a 900-nm-thick Si-doped n-type GaN
layer, a 30-nm-thick n-Algg5GagosN layer, a 400-nm-thick
lightly Si-doped GaN layer, an active region, a 30-nm-thick
Mg-doped p-Alg.15Gag g5N electron blocking layer (EBL), and
a 240-nm-thick p-GaN layer. The active region consists of
eight-period Si-doped multiple quantum wells (MQWs) us-
ing 10-nm-thick GaN barriers and 1-nm-thick Ing ¢7Gag 93N
wells. The chip size is 1143 umx 1143 pm. NUV LEDs were
stressed with a constant current of 600 mA, which was twice
the nominal operation current (300 mA) and can cause great
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degradation. In order to be closer to the actual application, the
electrical stress was applied under room temperature without
any heat dissipation. After electrical stress, the device char-
acteristics and defect behaviors were characterized when the
junction temperature returned to room temperature.

p-contact

n-GalN
n-AlGaN

n-contact

i-GaN buffer

Sapphire

Fig. 1. Schematic structure of the GaN-based NUV LED.

3. Results and discussion

The kinetics of the optical power decrease in NUV LEDs
were investigated during electrical stress using electrolumines-
cence (EL) measurement. As shown in Fig. 2(a), the optical
power decreases evidently with the increasing stress time. In
GaN-based photoelectric devices, it can be attributed to the
increase of non-radiative recombination centers.!!”] The elec-
trical characteristics were also characterized using /-V mea-
surement at room temperature from —10 V to 3 V. It is shown
in Fig. 2(b) that the reverse leakage current (/) increases by
several orders of magnitude after stress. Previous studies
demonstrated that I; is associated with the parasitic leakage
path.['8 In addition, the current under low forward bias also
increases after stress, which can be ascribed to the increase of
trap-assisted tunneling (TAT) current.!'”! Both non-radiative
recombination centers, parasitic leakage paths, and TAT mech-
anisms are all tightly correlated with defects within or around
the active region.!?>!] Therefore, the variation of the defects
in NUV LEDs during electrical stress should be pressingly
studied.

Firstly, photoluminescence (PL) measurement was car-
ried out using a He—Cd laser emitting at 325 nm at room
temperature to detect and identify the defects in NUV LEDs
macroscopically. Different from EL measurement, the results
in PL measurement are not related to injection efficiency, mak-
ing it possible to characterize the defect luminescence charac-
teristics more intuitively.[*?] As shown in Fig. 3, the appear-
ance of the band-to-band peak at 3.2 eV indicates that the re-
gion detected in PL measurement includes the active region.
With the increasing stress time, a yellow luminescence (YL)
band centered around 2.2-2.3 eV increases, indicating that the

concentration of some defects increases under the stimulation
of electrical stress. In the GaN material system, many previ-
ous studies demonstrated that the YL band could be attributed

23241 However, the origin

to Ga vacancy (Vg,) related defects.!
of the defects should be further confirmed, and the evolution

mechanism of the defects should be studied deeply.
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Fig. 2. (a) EL spectra and (b) current—voltage (/-V) curve of UVA
LEDs after different electrical stress times at room temperature. The
EL spectra were measured under 300 mA.
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Fig. 3. Photoluminescence (PL) spectra measured after different elec-
trical stress times.

DLTS measurement, which can quantitatively extract the
defect physical parameters,?>! has been applied to investigate
the defect behaviors deeply. Figure 4(a) shows the DLTS spec-
tra scanned from 490 K to 60 K with a quiescent bias of -7V,
a filling pulse bias of 2 V, and a filling pulse width of 10 ms.
These bias and temperature values were chosen to explore the
defects in the n-type active region comprehensively. In our
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measurement system, the positive and negative peaks are as-
sociated with majority-carriers (electron) traps and minority-
carriers (hole) traps, respectively. With the increase of stress
time, a positive peak A at ~ 70 K almost has no change. Such
a narrow peak at low temperature may not be associated with
the defects but with the emission from QW to the conduc-
tion band.!?®! The activation energy of peak el is 0.08 eV,
which may be related to the conduction band offset of the In-
GaN/GaN quantum well.[?”) The slight decrease of peak el
after stress can reflect the decline of QW quality.
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Fig. 4. (a) DLTS spectra of NUV LEDs after different electrical stress times.
The reverse bias is —7 V, the filling pulse voltage is 2 V, and the filling pulse
width is 10 ms. The rate window is 8 ms. The frequency is 1 MHz. Inset:
relationship between peak e2 and peak e3 after different stress times. (b)
Arrhenius plots of defect e2 (triangle) and defect e3 (square).

In this work, more attention should be paid to peaks cor-
responding to defects in the DLTS spectrum (Fig. 4(a)). Under
the stimulation of electrical stress, a positive peak e2 at ~ 310
K increases. The activation energy and cross section of defect
e2 are extracted from the Arrhenius plot in Fig. 4(b), which are
0.47-0.56 eV and 3.2 x 10717-2.7x107'® cm?, respectively.
In addition, compared with the PL results, the increased peak
e2 may correspond to the increased YL peak in the PL spec-
trum. Combing the YL-related feature with the activation en-
ergy, defect e2 can be attributed to Vg, related complex, pos-
sibly involving oxygen, e.g., Vg,—On.!'%?%2%1 Interestingly,
during increasing of concentration of defect e2, the concentra-
tion of intrinsic defect 3 (a positive peak at ~ 460 K) with the

activation energy 0.72-0.84 eV and cross section 1.8 x 10717~
9.8 x 1071 cm? decreases. The linear relationship in the inset
of Fig. 4(a) suggests a direct correlation between the defects e2
and e3. In other words, the increase of concentration of defect
e2 after stress may result from the decreasing concentration of
defect e3.
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Fig. 5. Dependence of the DLTS signal on the filling pulse width for
defect e2 and defect 3, at the peak temperature.

Moreover, in the GaN system, besides the non-interacting
point defects, linearly arranged defects such as point defects
along dislocations also need to be focused on. The non-
interacting and linear arranged point defects will exhibit com-
pletely different behaviors. It is difficult to identify defects
accurately merely through the activation energy. Therefore, it
is significant to analyze the defect spatial configuration using
DLTS measurement under different filling pulse widths. 3!
For the non-interacting point defects, the concentration of
occupied defect states (n) corresponding to the DLTS sig-
nal will be exponentially correlated to the filling pulse width

(tp):Bl]
nr (tp) = Nt + (n1(0) — Nt)exp (_Cntp) ) (D

where Nt is the total concentration of defect states, and ¢, is
the capture rate of the electron. For the linear arranged de-

fect, the DLTS signal will have a logarithmic relationship with
Ip: (311

nr (tp) = ¢y TNTIn (%p) , 2)

where 7 is the characteristic time. As shown in Fig. 5, both
the DLTS signals of defects e2 and e3 are logarithmically cor-
related to the filling pulse width, indicating that these two
defects are point defects along dislocations. The evolution
of defects develops around dislocations, possibly due to the
relatively concentrated current flow path.[3>33 The charac-
teristic of the electron trap and its contribution to the yel-
low band peak further demonstrate that defect e2 is likely re-
lated to Vg, and oxygen related complex (e.g., Vg,—On) along
dislocation.**-36] This defect may act as the non-radiative re-
combination center and parasitic leakage path and then de-
grade NUV LEDs.
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So far, there is still a question about the origin of the
intrinsic defect e3 and the evolution process between these
two defects. For the defect e3 with the activation energy of
0.72-0.84 eV, there are some possible origins such as Vg,—
On-H, P71 vi-H, B8 v5,—Vn.[2! Among them, the forma-
tion energies of VN—H and Vg,—Vy are very high in the n-type

23391 which leads to the little possibility of formation

region,[
during growth. It is more likely to attribute the intrinsic de-
fect €3 to Vga—On—H, mainly for three reasons. Firstly, it is
now well accepted that oxygen and hydrogen can often be the
background contaminants during growth, ") and Vg, is likely
to form a complex with impurities like O and H during growth
due to the low formation energy.>**! Secondly, the defect lu-
minescence will decrease when the defects are passivated with
H. 2! This phenomenon corresponds to the low YL peak in the
PL spectrum of the fresh device. The YL intensity in the fresh
device is nonzero because not all defects were passivated by H
during growth. Thirdly, the dehydrogenation process has been
observed in other nitride-based devices, and electrical stress
will enhance this process.!*>~*! Under high injection current,
the junction temperature rises evidently, resulting in sufficient
energy for carriers to transfer to the lattice, and the dehydro-
genation process is prone to occur.[*34¢ Therefore, the de-
hydrogenation of the previously passivated Vg, and oxygen
related complex defects after stress is likely to result in the
activation of the Vg, related defects (e.g., Vg,—On) and then
induce the device degradation.

4. Conclusions

In summary, we have investigated the degradation mech-
anism of GaN-based NUV LEDs under electrical stress from
the defect point of view. The optical power decreases, and the
leakage current increases evidently after stress, which results
from the increase in the concentration of defects with the en-
ergy level of 0.47-0.56 eV accompanied by the decrease of
defects with the energy level of 0.72-0.84 eV. Combining the
activation energy, the logarithmic relationship between DLTS
signal and filling pulse width, with the increase of YL peak in
PL spectrum during stress, the defects with increasing concen-
tration can be attributed to Vg, and oxygen related complex
along dislocation. This defect may act as the non-radiative re-
combination center and parasitic leakage path, leading to de-
vice degradation. The defects with decreased concentration af-
ter stress can be ascribed to Vg, related defects that were pas-
sivated by H inherent during growth. During electrical stress,
the dehydrogenation process around dislocations is likely to be
the main origin for the degradation of GaN-based NUV LEDs.
Therefore, more attention should be paid to the dislocation and
the unintentionally induced hydrogen during growth in NUV
LEDs.
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