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Abstract

®

CrossMark

The degradation characteristics of InGaN-based laser diodes (LDs) grown on Si substrate have
been studied under an electrical stress with a pulsed current of 180 mA. After the electrical
stress, the light output power, leakage current and capacitance of the LD decreased, while the
operation voltage and threshold current increased, and the slope efficiency remained nearly
unchanged after the pulsed electrical stress for 620 h. Further analysis shows that the
degradation was probably due to the newly generated group-III vacancies and/or related defects,
which can not only act as acceptor-like defects to compensate the n-type donors, leading to the
reduction of conductance and capacitance, but also work as non-radiative recombination centers
affecting the internal quantum efficiency and emission intensity of the active region.
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(Some figures may appear in colour only in the online journal)

1. Introduction

InGaN-based visible laser diodes (LDs) have attracted much
attention due to wide applications in lighting, laser display
and visible light communication [1-4]. However, most of
the commercial InGaN-based LDs are grown on small-size,
costly, free-standing GaN substrates, and hence are much
more expensive than InGaN-based light emitting diodes [5, 6].
Compared with free-standing GaN substrates, Si substrates
have apparent advantages in wafer size and material cost,
and using Si substrate to grow InGaN based LDs can slash
the device cost. More importantly, the emission wavelength
of InGaN materials could be adjusted from visible band to
infrared band, so, InGaN-based LDs grown on Si may be used
as a potential on-chip light source for Si photonics [7, 8]. At
present, the integration of III-V semiconductor LDs on Si by

1361-6463/20/395103+6$33.00

bonding is being adopted in some applications. However, the
chip bonding process is difficultly compatible with wafer-level
large-scale manufacturing foundries. Therefore, InGaN-based
LDs directly grown on Si substrate have received wide atten-
tion.

However, there are several key challenges during the epi-
taxial growth of InGaN-based LDs on Si substrate due to
the huge mismatch in both lattice constant and coefficient of
thermal expansion (CTE) between GaN and Si, which often
leads to the formation of a high density of threading dislo-
cations (TDs) and crack network in the LD structure grown
on Si [9]. With the insertion of AIN/AlGaN multi-layer buffer
between GalN and Si substrate, the TD density in the crack-
free overgrown LD structure was substantially reduced, result-
ing in the demonstration of electrically injected lasing opera-
tion at room temperature of the InGaN-based LDs grown on Si

© 2020 IOP Publishing Ltd  Printed in the UK
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Figure 1. (a) The light output power of the LD as a function of
aging duration. (b) The L-I curves and (c) the spontaneous emission
integral intensity of the LD before and after aging.

[10, 11]. By suppressing the formation of point defects during
the epitaxial growth of LDs, we recently further reduced the
threshold current and voltage, as well as junction temperature,
of the LDs [12]. But the operation lifetime of the as-fabricated
LDs grown on Si was still quite limited. It is necessary to study
the degradation mechanism of InGaN-based LDs grown on Si.

In this paper, we studied the degradation characteristics of
the InGaN-based LDs grown on Si substrate under an elec-
trical stress. As the aging duration increased, the threshold cur-
rent increased, and the light output power decreased. Surpris-
ingly, the leakage current and capacitance of the aged LD were
also reduced, and the series resistance and operation voltage of
the LD increased significantly. Moreover, the slope efficiency
remained nearly unchanged after the pulsed electrical stress
for 620 h. Further analysis indicates that the degradation of the
LD could be attributed to the generation of group-III vacancies
and/or related complexes in or around the active region of the
LD during the electrical stress.

2. Experiments

The InGaN-based LDs were grown on Si substrate by metal
organic chemical vapor deposition. The LD epitaxial struc-
ture was composed of an AIN/AIGaN multilayer buffer, a
1.3 pm-thick undoped GaN layer, a 1.3 pm-thick n-GaN con-
tact layer, a 1.2 pm-thick n-Aly gsGag 9o N cladding layer (CL),
three pairs of Ing 12Gag ggN/Ing 0, Gag 9sN quantum wells sand-
wiched by Ing 0, Gag 9sN and GaN waveguide layers, an 20 nm-
thick p-Alp,Gag N electron blocking layer, a 600 nm-thick
p-Alp06Gap 94N CL, and a 30 nm-thick p-GaN contact layer.
The ridge etching depth was about 530 nm, and only about
100 nm-thick p-AlGaN CL was left. The ridge width and cav-
ity length of the LD were 4 and 800 pm, respectively. In
order to decrease threshold current, three and seven pairs of
quarter-wave TiO,/Si0, dielectric coatings were deposited on
the front and the rear facets, respectively. More detailed LD
structure could be found elsewhere [9]. The aged LD chips
were still on the laser bar with no package, and the aging test
was conducted under a constant pulsed current (180 mA) at
room temperature in an air atmosphere. The pulse width and
the repetition rate were 400 ns and 10 kHz, respectively.

The light output power was monitored by a photodiode dur-
ing aging, and the light output power versus injection current
(L-I) curves of the aged LD before and after aging were meas-
ured by a calibrated optical power meter (Thorlabs PM121D).
The current-voltage (I-V) characteristics were measured by
a continuous-wave power supply (Keithley 2400) at various
aging duration. The spontaneous emission intensities were
measured by a delicate photodiode before and after aging. The
capacitance-voltage (C-V) characteristic of the LD was meas-
ured by a semiconductor parameter meter (Agilent B1500A).
After the electrical characterization, the metal electrodes of
LD were removed by aqua regia (Vuci: Vuanos = 3:1) prior
to the of photoluminescence (PL) study of the LD under an
excitation of a 405 nm laser source.

3. Results and discussions

Figure 1(a) shows the evolution of light output power of the
LD under the electrical stress during the aging. In the first
400 h, the output power of the LD only showed a gradual
decrease, but a rapid decay was observed as the aging dura-
tion further increased. When the aging duration reached 620 h,
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Figure 2. (a) The evolution of /-V curves over aging duration, the inset shows the enlarged I-V curves for the range of 0.1 ~ 1 V. (b) The
reverse leakage current at —5 V as a function of aging duration. (c) The enlarged /-V curves for the range of 4 ~ 6 V at various aging
duration. (d) The operation voltage at 100 mA as a function of aging duration.
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Figure 3. The ideality factor of the aged LD as a function of aging
duration.

the light output power dropped by half, and the threshold cur-
rent correspondingly increased from 75-100 mA, as shown
in figure 1(b). However, the slope efficiency remained nearly
unchanged.

o, hv
Nstope = MNinj —————— —— -

1
an+ao; q ()

When the injection current of the LD is above threshold,
the slope efficiency can be expressed by equation (1), where
Ninj» Otm» v, hv and g are the injection efficiency, mirror and
internal losses, photon energy and electronic charge, respect-
ively [13]. The little drop in slope efficiency indicates that the
electric stress did not induce any significant change in mirror
and internal losses, as well as carrier injection efficiency. In
fact, this phenomenon has also been reported by other research
groups [14, 15]. Figure 1(c) presents the spontaneous emis-
sion integral intensity of the LD under various injection cur-
rent before and after aging. For the as-fabricated LD, the spon-
taneous emission intensity increased rapidly with the injection
current. But for the aged LD, it increased very slowly. It should
be noted that the spontaneous emission intensity of the aged
LD was substantially lower than that of the as-fabricated LD
before aging, which indicates that the internal quantum effi-
ciency (IQE) dropped greatly during the aging. The IQE reduc-
tion was probably mainly due to the generation and/or migra-
tion of point defects (impurities, vacancies, or interstitials) in
the LD, which worked as nonradiative recombination centers
and reduced the spontaneous emission intensity [16, 17].

On the other hand, the evolution of electrical properties
was shown in figure 2(a). During aging, both the reverse and
forward leakage current of aged LD decreased, which is dis-
tinctly different from the reports [18, 19]. Figure 2(b) shows
the reverse leakage current at a reverse bias of —5 V as a
function of aging duration. The reverse leakage current of
the as-fabricated LD was 4.2 x 1076 A, but it dropped to
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Figure 4. (a) The capacitance and (b) the conductance of the aged and neighboring as-fabricated LDs as a function of reverse bias voltage.
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Figure 5. PL spectra of (a) aged LD and (b) neighboring as-fabricated LD, where R1, R2 and R3 indicate the excitation spots in the ridge
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3.0 x 1078 A after aging for 620 h. The forward leakage cur-
rent was also decreased with the aging duration, as shown in
the inset of figure 2(a). Figure 2(c) shows the enlarged I-V
curves for the range of 4 ~ 6 V at various aging durations.
With the aging duration increased, the series resistance of the
LD increased greatly, and hence the operation voltage went up
correspondingly. The operation voltage at 100 mA increased
from 4.9-5.7 V after aging for 620 h, as shown in figure 2(d).

The measured /-V curves of the aged LDs can be fitted by
the empirical diode equation, therefore, the ideality factor of
the aged LD can be obtained according to the following for-
mula [20].

_4q dav
~ kTd(Inl)

n

@

where ¢ is the electronic charge, k the Boltzmann constant, and
T the absolute temperature. Figure 3 shows the ideality factor
of the aged LD as a function of aging duration. The ideality
factor n of the as-fabricated LD was larger than 2 (n = 4.5),
which has been often observed for GaN-based diodes due to
the high barrier [20-23]. After aging, the ideality factor n
of the InGaN-based LD increased from 4.5 to 5.7. It can be
inferred that the carrier concentration decreased and hence
the barrier height increased, which indicates that acceptor-like

defects might generated in or around the active region under
the electrical stress, compensating the electrons and reducing
the net charge. It would increase width of the space-charge
region. As a result, the series resistance increased, and hence
the leakage current was reduced.

In order to locate the newly generated defects in the InGaN-
based LD, the capacitance and conductance of the aged and
neighboring as-fabricated LDs were measured, as shown in
figure 4. When the bias voltage was in the range of —10
to —6 V, the capacitance of the aged LD was almost the
same as that of the neighboring as-fabricated LDs. However,
the capacitance of aged LD was much smaller than that of
neighboring as-fabricated LDs, when the bias voltage was
in the range of —6 — 1 V, especially around —2 V. The
dopant concentration in the p-type materials, including p-
type EBL (Mg: 1.5 x 10" ¢m™?) and cladding layer (Mg:
1.6 x 10" cm™3), was much higher than that in the n-type
materials, including the unintentionally doped upper and lower
waveguide layers, quantum wells, and n-type cladding layer
(Si: 1.5 x 10'® cm™3). It is well-known that the activation
energy of Mg acceptors is much higher than that of Si donors in
GaN, therefore only a few percent of the Mg dopants could be
ionized at room temperature. However, due to the energy band
bending caused by the strong electrical field during the C-V
measurements, the activation percentage of the Mg acceptors
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was significantly increased. Therefore, most of the Mg accept-
ors in p-side depletion region of the p-n junction could be ion-
ized, which has also reported in other literature [24]. As a res-
ult, the depletion zone of the p-n junction mainly expanded
in n-type region [25], and the C-V results revealed that the
newly generated defects were mainly in the waveguide layers,
quantum wells, and n-type cladding layer. At a reverse bias of
around —2 'V, the depletion region mainly located in or around
the active region. Meanwhile, the conductance of the aged LD
was much lower than that of the neighboring as-fabricated LDs
(figure 4(b)), indicating that the carrier concentration was dra-
matically reduced after the aging process. It can be inferred
that acceptor-like defects were formed in or around the active
region during the aging, and these defects compensated the
carriers in the depletion region of the aged LD, reducing the
conductance and capacitance of the aged LD [24, 26, 27].

In order to verify the location of the newly generated
defects in the aged LD, PL measurement of the active region
was carried out at various spots in and outside of the ridge
region of the LD. Figure 5 shows the PL spectra of aged LD
and neighboring as-fabricated LD with the excitation located
at various spots. For the neighboring as-fabricated LD, the PL
intensity of the ridge region was nearly the same as that of the
side region outside the ridge (figure 5(a)). However, for aged
LD, the PL intensity of the ridge was reduced to only about
60% of that of the side region outside the ridge, as shown
in figure 5(b), which proves that point defects were gener-
ated in the active region of the LD. These defects acted as
non-radiative recombination centers, greatly reducing the PL
intensity and IQE [28], which is consistent with the observa-
tion of spontaneous emission drop during the electrolumines-
cence measurement below the threshold (figure 1(c)).

According to the previous reports [29, 30], group-III vacan-
cies (V) have a low formation energy in n-type group-III
nitride materials, and can act as compensating centers, redu-
cing the electrical conductivity and increasing the operation
voltage. As reported in the literature [31], the formation energy
of Ga vacancy (Vg,) and related complexes is high in defect-
free GaN materials, but it decreases substantially in the pres-
ence of TDs for defective GaN. In some locations nearby
the TDs, the formation energy of Vg, and related complexes
can even be negative, suggesting that it is feasible to gen-
erate Vg,-related complexes around TDs. Moreover, due to
large size of In atoms, the bond energy of In-N bond is a
lot weaker than Ga-N, therefore In vacancies (Vy,) are much
easier to form, as compared to Vg,. In fact, Li and Zhou
et al already demonstrated that Vyy-related defects are easy
to generate around TDs [32, 33]. All these results indicate
that threading dislocations can assist the formation of Vp.
For the InGaN-based LDs grown on Si, there are still a rel-
atively high density (~10% cm~2) of TDs in the epitaxial layer
due to large mismatch in lattice constant between GaN and Si
substrate, as compared to that of free-standing GaN substrate
(~10° cm~2 or below). Therefore, it is reasonable to assume
the generation of Vyy-related defects near the TDs in the act-
ive region of the LD under the applied electrical stress and the
large residual mechanical stress during the aging process. The
Vmr-related defects, together with the pre-existing TDs, can

act as Shockley-Read-Hall centers [34], causing non-radiative
recombination and affecting the IQE of the active region of
the InGaN-based LD grown on Si. The non-radiative recom-
bination leads to heat accumulation and junction temperature
rise, and hence further facilitates the LD degradation. These
newly generated group-III vacancies and/or related complexes
could not only compensate the carriers in or around the act-
ive region of the LD, reducing capacitance and reverse leak-
age current, but also act as non-radiative recombination cen-
ters, reducing IQE and spontaneous emission intensity. Fur-
ther reduction of TDs and improvement of active region crys-
talline quality will be carried out to enhance the performance
and lifetime of InGaN-based LDs grown on Si. Recently, we
have successfully grown GaN film grown on Si with a dislo-
cation density of 6 x 107 cm~? [35]. By using this template,
the lifetime of InGaN-based LDs grown on Si is expected to
be greatly improved.

4. Conclusion

In summary, the degradation characteristics and possible
mechanism causing degradation of InGaN-based LDs grown
on Si substrate have been studied. After aging under an elec-
trical stress, the threshold current and driving voltage of the
LD increased significantly, while the light output power, leak-
age current, capacitance and spontaneous emission intens-
ity decreased greatly. But the slope efficiency remain nearly
unchanged. These observations indicate some defects were
generated in or around the active region of the aged LD.
Group-III vacancies and related defects were proposed to
account for the degradation of the LD. It is assumed that the
relatively high density of TDs in the InGaN-based LD grown
on Si substrate assist the formation of group-III vacancies in
the active region. These generated group-III vacancies not only
acted as acceptor-like defects, compensating the carriers and
reducing the conductance, but also played as non-radiative
combination centers, affecting the IQE and light output power.
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