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The degradation of 1.3 �m GaInNAs lasers was investigated using accelerated aging tests. This
was followed by comprehensive characterization, including standard light-current-voltage �L-I-V�
characterization, capacitance measurements, photoluminescence microscopy �PLM�, on-axis
amplified spontaneous emission �ASE� spectra measurements, and photocurrent �PC� and
electroluminescence �EL� spectroscopies. The slope efficiency of the device dropped by 50% with
a 300% increase in the threshold current after the accelerated aging test. The ideality factors of the
aged devices are higher than those of the unaged devices. PLM images showed no evidence of
catastrophic optical mirror damage. The measured capacitances of the aged devices are all similar
to those of the unaged devices, indicating that there was no significant dopant diffusion in the
junction region. Fourier transforms of the ASE spectra showed that no intracavity defects were
present in the aged lasers, suggesting that intracavity defects are not responsible for the rapid
degradation of the aged devices. Although the PC measurements showed defects at 0.88–0.95 eV
and at �0.76 eV, these defect signatures did not increase with aging. On the other hand, EL
measurements revealed that radiative deep level defects were generated during the aging tests,
which may be related to the degradation of the devices. Based on the above measurement results, we
identify the generation of radiative deep level defects as the main causes of degradation of these
devices. © 2009 American Institute of Physics. �doi:10.1063/1.3256156�

I. INTRODUCTION

Kondow et al.1 proposed GaInNAs for 1.3 �m GaAs-
based lasers in 1996. Since then, great effort has been made
to improve the performance of GaInNAs quantum well
�QW� lasers, grown by both molecular beam epitaxy
�MBE�2–5 and metal-organic vapor phase epitaxy.6–9 Re-
cently, state-of-the-art GaInNAs edge-emitting lasers �EELs�
have demonstrated a great deal of promise as a low-cost
replacement for directly modulated 1.3 �m InP devices for
access network applications. Lasers based on the GaInNAs/
GaAs material system have a large conduction band offset,
which increases the electron confinement and subsequently
reduces their temperature sensitivity. Some of the best per-
formance characteristics demonstrated so far are a low
threshold current density of 300 A /cm2,10 a high character-
istic temperature of up to 200 K,11 a 3 dB modulation band-
width of 17 GHz at 25 °C,12 and the ability to be directly
modulated up to 10 Gbytes/s at a heat sink temperature of
110 °C.13

Despite the rapid development in the growth of dilute
nitride lasers, there are only a few reports on the reliability of
MBE-grown GaInNAs lasers.14,15 Kondow et al.4 provided
the first report about the potential reliability of GaAs-based
GaInNAs 1.3 �m lasers grown by gas-source MBE in 1999.

The 3.6�800 �m2 single QW laser was mounted epitaxial
side upwards and survived 1000 h at 24 °C under an
autocurrent-control condition ��4.5 kA /cm2�. Both facets
of the device were coated with high reflectivity �HR� coat-
ings �70% and 95%, respectively� using SiO2 and amorphous
Si. After the aging test, the slope efficiency decreased by 9%
from 0.066 to 0.060 W/A and the lasing wavelength blue-
shifted less than 1 nm. Livshits et al.2 reported an aging test
of a 1.3 �m Ga0.64In0.36N0.0154As0.9846 /GaN0.0224As0.9776

QW laser grown by solid-source MBE, which had been op-
erated for �2500 h at a temperature of 124 °C at a pulsed
�1% duty cycle� output power of 1.5 W. The authors sug-
gested that this corresponded to a current density of
30 kA /cm2 and upwards of 1000 h of operation at 1.5 W of
a continuous wave �cw� output power at 35 °C. Antireflec-
tive �5%� and HR �99%� coatings were used on the facets.
No noticeable degradation was observed after thermal stress-
ing. This test showed that GaInNAs-based devices had the
potential as an active material for reliable high power lasers,
and could reliably meet the operating temperature ranges re-
quired for commercial deployment. Prakash et al.15 also
demonstrated excellent reliability of 1.25–1.3 �m GaInNAs
vertical cavity surface emitting lasers grown by MBE. After
operating at a current density of 28 kA /cm2 at 110 °C
�0.8–1 mW� for 8000 h, no failures were observed. However,
the devices began to fail after �2500 h, when they werea�Electronic mail: eexwl3@nottingham.ac.uk. FAX: �44 �0�115 951 5616.
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operated at 30 kA /cm2 at 124 °C �0.8–1 mW�. The authors
also investigated the wearout mechanisms using electrolumi-
nescence �EL� and cross-sectional transmission electron mi-
croscopy. Dark line defects �DLDs� and dark spot defects
�DSDs� were both observed in the devices that failed. DLDs
along the �100� directions were observed in �and confined to�
the active region. The authors postulated that DSDs corre-
spond to point defects from which DLDs grow during opera-
tion. Additionally, the failed devices exhibited multimode be-
havior during failure. The output wavelength of the failed
devices blueshifted more �1.2 nm� than those devices that
survived the life testing ��0.8 nm�.15

Although reliability does not present any fundamental
limits to the viability of GaInNAs lasers, the dominant deg-
radation mechanism for these devices remains unclear. In
this paper, we report on accelerated aging tests and a range
of measurements to investigate the degradation of 1.3 �m
GaInNAs EELs. These measurements include standard light-
current-voltage �L-I-V� characterization, capacitance mea-
surements, photoluminescence microscopy �PLM�, on-axis
amplified spontaneous emission �ASE� spectrum measure-
ments, and photocurrent �PC� and EL measurements. The
paper is organized as follows: Section II describes the aging
process and experimental techniques used in our investiga-
tions and provides details of the laser structures studied. In
Sec. III, the characterization results are presented and ana-
lyzed. Finally, in Sec. IV, we draw our conclusions.

II. EXPERIMENT

The lasers used in this study are GaInNAs-based double
QW devices, which were grown using an EPI930 SS MBE
system with a load-locked rf nitrogen plasma source. The
layer structure is shown in Fig. 1. After capping the first QW
with 10 nm GaAs, the growth was stopped and the sample
was annealed at 600 °C for 10 min �the location of the
growth interruption is labeled with a thick line in Fig. 1�. No
postgrowth annealing was applied. Be and Si were used as p-
and n-dopants, respectively. A 2 �m wide, 300 �m long
ridge was fabricated by reactive ion etching using silicon
tetrachloride �SiCl4� as the process gas. Ti–Pt–Au was used
for the p-contact and Au–Ge–Au for the n-contact. 70% and
30% optical coatings were applied to the back and front fac-
ets, respectively. The In and N contents were calculated us-
ing dynamical diffraction analysis of high-resolution x-ray
diffraction.

The accelerated aging tests were performed under
autopower-control conditions. The test conditions were se-
lected to be 6 mW constant operating power at 70 °C with a
failure criterion of a 50% increase in the threshold current.

The cw L-I and I-V characteristics of the devices were
measured. The capacitance of each device was measured at
zero bias. PLM measurements were performed in the system
detailed in Ref. 16. On-axis ASE spectra were collected by a
single-mode fiber for measurement with an optical spectrum
analyzer, as described in Ref. 17. PC spectroscopy measure-
ments were carried out using a 250 W halogen lamp as the
excitation source. Monochromatic light was generated by a 1
m Hilger–Watt monochromator with a spectral resolution of

3 nm. By using a microscope objective, the excitation spot
size could be as small as �5 �m. A Keithley 428 current
amplifier was used to preamplify the resultant PC signal,
which was measured using a Stanford Research System
SR830 lock-in amplifier. EL spectroscopy measurements
were performed under cw conditions with a 50 mA driven
current. The dispersed EL signal was collected by a liquid
nitrogen cooled Ge detector. All measurements were per-
formed at 300 K.

III. RESULTS AND DISCUSSION

Three devices �008-10, 019-08, and 017-05� were not
subjected to the aging test and four devices �020-08, 017-14,
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FIG. 2. Evolution of the operating current and the operating voltage during
the 6 mW constant power aging test at 70 °C.
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FIG. 1. Laser layer structure showing the materials, thicknesses, growth
temperatures, and doping levels.
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017-15, and 011-06� were aged later. Following mounting,
four devices were subjected to a constant power accelerated
aging test at 6 mW and an elevated temperature of 70 °C.
After 200–500 h, all devices reached the failure criterion.
Figure 2 shows the evolution of the operating current and
operating voltage during the aging test, respectively. The op-
erating voltage follows the change in the operating current.
Device 011-06 had the lowest threshold current density and
the longest survival time of the aged devices.

Figure 3�a� and 3�b� show the cw L-I and I-V character-
istics of the mounted devices �aged and unaged�. The thresh-
old current density and the slope efficiency were extracted
for each device from these characteristics. The threshold cur-
rent density and slope efficiency of each device were also
measured prior to mounting. Table I shows the values of
these parameters. All of the devices had similar behavior
before mounting and aging, but the L-I characteristics of the
devices after mounting and aging differed significantly. As
seen in Table I, the unaged devices had a higher threshold
current density and lower slope efficiency after mounting
than they did before mounting. This suggests that the mount-
ing process damaged the devices. All of the aged devices
have a significantly higher threshold current density �ap-
proximately three times larger� and lower slope efficiency.
Experimental study18 and theoretical models19 show that
nonradiative recombination dominates the threshold current
at room temperatures. This suggests that such a large in-
crease in the threshold current density indicates an increase
in the nonradiative recombination rate. The ideality factors
of the aged devices at low current densities are slightly
higher than those of the unaged devices, which is consistent
with an increase in the nonradiative recombination rate after
aging. �Note that device 019-08 and device 017-05 are dam-
aged, so their ideality factors are not reliable.�

The capacitance of each device was measured under zero
bias and the results are given in Table I. The measured ca-
pacitances of the aged devices are all similar to those of the
unaged devices. This indicates that there was no significant
dopant diffusion in the junction region.

PLM is a sensitive technique to detect catastrophic opti-
cal mirror damage �COMD� of the laser facets. Although
PLM images were taken from the front facets of all unaged
and aged devices, no evidence of COMD was found. This
indicates that COMD was not responsible for their failure.

Intracavity defects are physically line defects or defect
complexes and have been associated with rapid
degradation.20 Such defects and their positions within a
Fabry–Pérot laser diode can be revealed by examining the
ASE spectrum below threshold.21,22 This technique requires
a high-resolution measurement of the ASE spectrum, which
clearly resolves the individual Fabry–Pérot resonances. A
Fourier transform is performed on the ASE spectrum, which
is then scaled with the expression
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FIG. 3. �a� L-I and �b� I-V characteristics of the mounted �unaged and aged�
devices at 300 K.

TABLE I. Summary of the threshold currents and slope efficiencies of the unmounted and mounted devices,
and the ideality factors and capacitances of the mounted devices at 300 K.

Serial No.

Unmounted Mounted

Jth

�kA /cm2�
Slope efficiency

�W/A�
Jth

�kA /cm2�
Slope efficiency

�W/A� Ideality factor
Capacitance

�pF� Aged

008-10 1.54 0.366 1.75 0.227 2.61 14.0 No
019-08 1.76 0.340 �8.33 ¯ 3.17 15.5 No
017-05 1.46 0.384 3.25 0.014 �0 17.5 No
020-08 1.68 0.375 4.63 0.191 4.94 15.4 Yes
017-14 1.68 0.378 4.92 0.179 3.52 16.0 Yes
017-15 1.72 0.376 5.05 0.177 4.51 16.0 Yes
011-06 1.48 0.373 3.92 0.162 3.49 14.0 Yes
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L =
�2

2ng��
, �1�

where L is the cavity length, � is the peak wavelength, �� is
the mode spacing, and ng is the effective group index. The
resulting Fourier transform has a large peak corresponding to
the dc frequency component of the spectrum and another
peak corresponding to the length of the cavity. For a defect-
free cavity, only one resonance should occur at the position
equal to the cavity length. Resonances that occur at other
cavity positions indicate perturbations/defects within the
cavity.

The ASE spectra from all of the devices �unaged and
aged� were measured at a current just under the threshold
current. The ASE spectra were examined for defects/features
via both visual inspection and using the Fourier analysis
method described above. The majority of the ASE spectra
appear as expected and are similar to that from device 008-
10, shown in Fig. 4�a�. Figure 4�b� shows the corresponding
Fourier transform of the spectrum. An intracavity defect was
only observed in one device, which was visibly damaged �as
discussed below�. Thus, intracavity defects do not appear to
be responsible for the rapid degradation of these devices.
This is consistent with our earlier PLM studies of highly
strained GaInNAs samples, which did not show the forma-
tion of misfit dislocations even after annealing.23 Both results

can be understood in terms of the pinning of dislocations by
the localized strain field of the nitrogen impurities.

An intracavity peak was only observed in device 019-08.
The peak is located at the center of the cavity at 150 �m
�feature A�, as shown in Fig. 5�b�. This is an unaged device,
but as referred to in Table I, the device was still below the
threshold current density at 8.33 kA /cm2 �whereas the
threshold density before dicing and mounting was
1.76 kA /cm2�. Thus, there is clearly significant current leak-
age, possibly through the defect identified at 150 �m. Fig-
ure 6 shows a photograph of this device, where a damaged
region can be observed near the wire bond at the midpoint of
the cavity. As this defect did not result from aging-induced
degradation, it may be due to damage during the packaging.
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FIG. 4. Measured �a� ASE spectrum and �b� the corresponding Fourier
transform from device 008-10.
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FIG. 5. Measured �a� ASE spectrum and �b� the corresponding Fourier
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FIG. 6. �Color online� Top views of device 019-08. A damaged region is
clearly seen in the center of the cavity.
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PC spectroscopy has been used to analyze the aging of
laser diodes and provide insight into their microscopic deg-
radation mechanisms.24,25 In general, the PC signal is deter-
mined by the absorption spectrum of the device, the mecha-
nism affecting the separation of electrons and holes, and the
diffusion and recombination of the photogenerated carriers.

Figure 7 presents the PC spectra of unaged and aged
devices plotted on a semilogarithmic scale. The absolute val-
ues of photometric data are difficult to determine, so we use
the PC value at 1.59 eV as a reference point for normaliza-
tion. �This photon energy was selected because the spectral
envelope does not differ significantly in the 1.4–1.6 eV
range. This PC signal mainly originates from GaAs layers,
which are less affected by aging effects than the QW.� The
spectra in Fig. 7 extend over a signal range of five orders of
magnitude with an excellent signal-to-noise ratio. There are
three notable features in the PC spectra: �i� a weak sharp
peak centered around 0.76 eV �labeled A�, �ii� a broad shoul-
der extending from about 0.88 to 0.95 eV �labeled B�, and
�iii� strong components between 0.95 and 1.6 eV. The first
two features indicate that at least two different types of de-
fect exist in the devices: �i� a deep level located at 0.76 eV
below the QW conduction band or above the QW valence
band, which could be a hole trap26 or an electron trap;27,28 �ii�
shallower states in the band gap �0.88–0.95 eV�, which may
be attributed to oxygen-related defects in GaAs barriers.29

The third feature contains four steplike signals, which corre-
spond to the first heavy hole to the first conduction band
transition �hh1-e1� in the QW, the second heavy hole to the
second conduction band transition �hh2-e2� in the QW, the
shallow states in the bandgap of GaAs �labeled C�, and the
valence band to the conduction band transition of the GaAs
layer �labeled D�, respectively. Upon aging, the third signal
component does not change significantly, which indicates
that the band gap energies of the GaAs confinement layer
and GaInNAs QWs are the same for the aged and unaged
devices. Furthermore, this suggests that there is no aging-
induced change in the strain, composition, or N-bonding
configuration in the QWs. The magnitudes of the “A” and

“B” defects do not appear to have changed much during the
aging process, suggesting that they are not responsible for
the rapid degradation of the devices. There is data dispersion
between 1.15 and 1.4 eV from device 017-05 and between
1.0 and 1.15 eV from device 017-15. Figure 8 shows the
photographs of the ridge waveguides �RWs� at the front fac-
ets of devices 017-14 and 017-05. The damaged RW at the
front facet may influence the absorption efficiency of the
devices and cause such dispersion.

The defects revealed by the PC measurements are not
necessarily responsible for the degradation of the devices.
PC spectroscopy relies on absorption, and the intensity of
incident photons may be too low to reveal defects with a low
density. On the other hand, EL spectroscopy can reveal ra-
diative transitions from defects—even if the defect volume
density is too small to be seen by the PC spectroscopy.

Figure 9 shows the front facet EL spectra of all samples
plotted on a semilogarithmic scale and normalized to their
minimum values. The devices were biased with a dc of 50
mA. The EL spectra of devices 019-08 and 017-05 do not
show lasing characteristics. This is because of damage to the
RW at the midpoint of the cavity in device 019-08 and at the
front facet of device 017-05. Devices 008-10, 020-08, 017-
14, 017-15, and 011-06 clearly show lasing spectra. In the
following analysis, we focus on the EL spectra in the low
and high energy tails, as shown in Fig. 10. Broad peaks are
observed in the high energy tails of the EL spectra between
1.10 and 1.35 eV. Since their energies are larger than the
fundamental transition energy of the QW, these transitions
should come from the barriers or cladding layers. The defects
related to these transitions probably are not responsible for
the device degradation, because their positions and magni-
tudes are almost the same for the unaged and aged devices.
�Note that these peaks are not observed in the EL spectra of
devices 019-08 and 017-05, possibly for the same reason that
these devices do not lase.� However, there are obvious dif-
ferences between the unaged and aged devices in the low
energy tails of the EL spectra. With aging, broad peaks ap-
pear in the low energy tails of the EL spectra between 0.79
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FIG. 8. �Color online� Front views of �a� device 017-14 and �b� device
017-05. A damaged RW at the front facet of device 017-05 is clearly seen.
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and 0.84 eV. The radiative defects related to these peaks are
located close to the QW band edges, which may be the native
arsenic antisite �AsGa� such as EL2 in GaAs.30 These defects
also may be the N-dimer split interstitial defects, i.e., two N

atoms on a single As site ��N–N�As�, which are located
around 0.8 eV above the QW valence band edge.31,32 This
thermal activation energy is within the range of the peak
positions in the low energy tails of the EL spectra. The de-
fects related to these peaks seem to be responsible for the
device degradation. They are not observed in the PC spectra
probably due to their low defect densities. Further investiga-
tions are needed to identify the microscopic nature of these
defects in the low energy tail of the EL spectrum.

IV. CONCLUSIONS

A range of measurements were performed to investigate
the degradation of 1.3 �m GaInNAs lasers. The ideality fac-
tors of the aged devices are higher than those of the unaged
devices, suggesting that the nonradiative recombination in-
creases after aging. There was no significant dopant diffusion
in the junction region, as seen from the capacitances of the
aged devices, which are all similar to those of the unaged
devices. PLM shows no evidence of COMD. Intracavity de-
fects do not seem to be responsible for the rapid device deg-
radation, since Fourier transforms of the ASE spectra show
no intracavity peak in the aged devices. Damage to the RW
at the front facet was observed, which may contribute to the
increased threshold current. The defect signatures from the
PC measurements do not increase with aging. On the other
hand, EL measurements show that radiative deep level de-
fects are generated during aging, which may be related to the
degradation of the devices. Based on these measurement re-
sults, we conclude that the generation of radiative deep level
defects plays a key role in the degradation of these devices.
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