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Dilute nitride semiconductors have attracted much attention for their unique physical properties, such
as the large bandgap bowing and the splitting of conduction bands, which are beneficial for improving the
performance of the next generation optoelectronic devices. Among dilute nitride semiconductors, GaPN is
known for its large bandgap bowing and have attractive potential applications in optoelectronic devices such
as light-emitting diodes in monolithic optoelectronic integrated circuits and high efficiency intermediate band
solar cells. InGaAsN, another dilute nitride semiconductor, is expected to be a promising material for long-
wavelength semiconductor lasers with a high characteristic temperature because of the large band offset at
the heterointerface with GaAs or AlGaAs. InGaAsN is also one of the candidate materials for 1 eV sub-cell

in high efficiency multijunction solar cells because it can be grown lattice matched to GaAs or Ge.

However, the performance degradation of dilute nitride semiconductor-based optoelectronic devices
during operation is a challenging issue. Therefore, it is of great importance to investigate the cause of the
performance degradation. Lower temperatures required for incorporating nitrogen atoms during epitaxial
growth and the disparity between nitrogen and the replaced group-V atoms lead to the formation of various
defects that act as nonradiative recombination centers in dilute nitride semiconductors. In addition to such
as-grown defects, the generation and multiplication of defects which are responsible for the performance

degradation of the devices occur during operation.

In this study, real-time photoluminescence (PL) measurements have been performed for GaPN alloys,



InGaAsN alloys and InGaAsN/GaAs quantum wells (QWSs) by high power density laser irradiation which
emulate current injection in device operation. Micro-PL measurements were carried out at room temperature
using a diode-pumped solid-state laser (A=532 nm) as the excitation source. PL spectra from GaPN alloys
were measured in the visible range with a 30-cm monochromator and an intensified charge coupled device
camera, and those from InGaAsN alloys and InGaAsN/GaAs QWs were measured in the infrared range using

a polychromator integrated with optical elements and an InGaAs linear image sensor.

GaPN alloys, InGaAsN alloys and InGaAsN/GaAs QWs used in this study were epitaxially grown by
metalorganic vapor phase epitaxy. The nitrogen concentration in GaPN alloys was ranged from 0 to 3.2%.
InGaAsN alloys used in this study were categorized into three groups, that is, InGaAsN alloys with different
nitrogen concentrations from 0.79 to 2.85% and an indium concentration of 10.5%, InGaAs alloys with
different indium concentrations from 4 to 12.2%, and GaAsN alloys with different nitrogen concentrations
from 0.74 to 1.52%. For InGaAsN/GaAs QWs, three samples with different nitrogen and indium

concentrations were used.

For GaPN alloys, the time evolution of PL spectra during laser irradiation was studied. The samples
were irradiated by laser with various power densities. It was found that the PL intensity degraded in all the
samples except GaP at any laser power density. PL mapping measurements confirmed that the PL intensity
degradation caused by laser irradiation is an irreversible process. Three possible effects of laser irradiation
in the process of the formation of defects, i.e., heating, the deformation of subsurface layer, and the local
excitation of the defect centers, were examined. The temperature rise of GaPN alloys was found to less
than 20 K during laser irradiation even if the laser power density was 2.3 MW/cm®. Therefore, the heating
effect could be almost neglected in this study. Although another possible effect, subsurface deformation is
caused by the local temperature increase due to laser irradiation, the temperature rise from room temperature
was less than 20 K for the maximum laser power density, which leads to only a small thermal expansion.
Therefore, it is concluded that the PL degradation occurs by the third effect, local excitation of the defect

centers during laser irradiation.

The changes in the PL intensity during laser irradiation were analyzed in terms of various laser power
densities and nitrogen concentrations. The stretched exponential function was fitted to the PL intensity
change to derive the magnitude and time constant of the PL degradation in GaPN alloys. It was found that
stronger laser irradiation led to faster and larger decrease in the PL intensity. This indicates that defects that
act as nonradiative recombination centers were generated more rapidly and significantly with increasing
laser power density. In addition, the decrease in the PL intensity by laser irradiation was found to become
faster and larger with decreasing nitrogen concentration, showing that GaPN alloys with lower nitrogen

concentrations are abound with hidden defects to act as nonradiative recombination centers by laser



irradiation.

Similarly, the time evolution of PL spectra of InGaAsN alloys during laser irradiation was investigated.
Since the increase in temperature was estimated to be at most several K from the shift of the bandgap of

GaAs, the heating effect by laser irradiation could be neglected under the conditions in this study.

The PL intensity was found to degrade for InGaAsN and InGaAs alloys with any nitrogen and indium
concentrations during laser irradiation. The PL intensity degradation became faster and larger with increasing
indium concentration in InGaAs alloys. This indicates that the generation or multiplication of nonradiative
defects is related to indium atoms. In contrast, the PL intensity of GaAsN alloys was observed to increase
during laser irradiation, and the PL intensity enhancement by laser irradiation became larger with increasing
nitrogen concentration. The increase in the PL intensity is attributed to the annihilation of N-related as-grown

defects acting as nonradiative recombination centers.

For InGaAsN/GaAs QWs, the PL intensity was reduced during laser irradiation with higher power
densities. The time evolution of the PL intensity was well reproduced by double exponential function with
fast and slow components, indicating that there are two kinds of mechanism for the decrease in the PL
intensity like rapid and gradual degradation modes reported for semiconductor lasers. However, the PL
intensity of InGaAsN/GaAs QW with a higher nitrogen concentration was found to increase at lower laser
power densities. Considering that the PL intensity enhancement became larger with increasing nitrogen
concentration in GaAsN alloys, the improvement in the PL intensity observed for InGaAsN/GaAs QW with
a higher nitrogen concentration also can be explained by the annihilation of N-related as-grown defect due to

laser irradiation.
Thus, it was demonstrated that real-time PL measurements with high power density laser irradiation

provide helpful information to the analysis of the degradation processes in optoelectronic devices during

operation.
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