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nm
Cap layer P"-GaAs 150
P-cladding layer P-Al, ;;GaAs 1000
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Fig. 1 Band gap structure and refractive index distribution of LD. (a) Whole device; (b) QW local
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Table 2 Proton irradiation experimental parameters

Sample Energy /MeV Fluenﬁche / bbD {
(em *) (MeV-g™")
LD1 10 3 10° 2.37X10°
LD 2 10 3X10° 2.37X10
LD 3 10 310" 2.37X10°
LD 4 10 110" 7.91X10°
LD5 10 3x10" 2.37X 10
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Abstract

Objective The development of deep space exploration and interstellar flight technology imposes higher requirements on
the performance of spacecraft, especially on the energy power system and wireless communication system. However, in
the typical satellite orbit region in space, the environment is filled with huge numbers of high-energy particles, such as
protons, electrons, and heavy ions, due to the strong impact of solar proton events, Van Allen radiation belts, and
galactic cosmic rays. Consequently, spacecraft are always exposed to the threat of various radiation effects caused by high-
energy radiation particles, resulting in storage errors, communication losses, attitude losses, and other problems. In
serious cases, the flight mission may fail instantaneously. The high-power near-infrared laser produced by the high-power
975 nm GaAs-based quantum well (QW) laser diode (LD) has outstanding advantages, such as high directivity, great
monochromaticity, high optical power density, and long transmission distance. For this reason, such QW LDs have
become the optimal choice to achieve long-distance wireless energy transmission and wireless communication in the
complex space environment. Nevertheless, their development is seriously hindered by the harsh space environment and
radiation effects. Therefore, to address the urgent need for major strategies in the radiation field, this paper studies the

degradation law and triggering mechanism of high-power semiconductor QW LDs in radiation environments.

Methods

analysis.

The accelerator is investigated by ground simulated irradiation experiment and simulation calculation and
Specifically, regarding the current typical spacecraft orbit, the accumulated 10 MeV proton equivalent
displacement damage dose (DDD) is calculated under the condition that the spacecraft has been in orbit for 10 years, and its
value is between 3>X10° em™* and 310" ¢cm™. Then, the 10 MeV proton irradiation experiment in vacuum at room

temperature is carried out using the Beijing HI-13 tandem accelerator, and the optical power, volt-ampere characteristics,
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and spectral performance of the LLDs are tested before and after irradiation. Furthermore, Monte Carlo software simulation

and theoretical calculation are performed to obtain the band structure and external differential quantum efficiency of the
LDs before and after irradiation. The influence mechanism of material defects induced by proton irradiation and the

changes in the interface and structure on the macroscopic performance of the L.Ds is analyzed in depth.

Results and Discussions The restrictions on the photons and electrons in the high-power 975 nm GaAs-based QW LD
come from the band-gap difference and the refractive index difference of the materials among the QW and the junction
barriers on both sides. Monte Carlo software simulation reveals that protons can induce vacancy defects by detaching the
lattice atoms in the component materials of the LD from the lattice points through elastic scattering or inelastic scattering.
In this case, a peak defect density can also be observed at the interface of each epitaxial layer near the active region. The
results of the irradiation experiments show that 10 MeV proton irradiation at a fluence higher than 3>X 10" cm™” has a great
influence on the electrical and optical properties of the LD. In contrast, the effect of 10 MeV proton irradiation at a fluence
below 310" cm™” on the electrical and optical properties of the LD is negligible. In addition, the degradation of the
electrical and optical properties of the LD gradually aggravates as the accumulated proton fluence increases. As a result,
macroscopic performance degradation phenomena can be observed, such as center wavelength shift, output power decline,
threshold current increase, and volt-ampere characteristic deterioration. This indicates that more proton irradiation causes

more severe performance degradation of the LD, ultimately resulting in more serious problems in stability and reliability.

Conclusions This study presents self-developed high-power 975 nm GaAs-based QW LDs and 10 MeV accelerator
proton equivalent displacement damage irradiation experiments. The relationship between the performance degradation of
the LD caused by the radiation effects and the accumulated proton fluence is analyzed by experimental tests and theoretical
simulation methods, and the deep physical mechanism of the LD degradation induced by the radiation effects is clarified.
The results suggest that the degree of the performance degradation of the LD as a result of the displacement damage effect
is basically positively correlated with the accumulated fluence of proton irradiation, which causes severe performance
degradation of the LD after a certain threshold is exceeded. Moreover, high-fluence proton irradiation produces more
interface defects, which further increase the probability of carrier scattering, affect carrier mobility, and ultimately reduce
the ability of the QW structure to restrict the photons and electrons. The defects in the active region turn into non-radiative
recombination centers. They lead to the increased non-radiative recombination inside the LD and decreased external
differential quantum efficiency and ultimately cause the macroscopic performance degradation of the irradiated LLDs, such
as the center wavelength shift, decreased output power, increased threshold current, and deteriorated volt-ampere
characteristics. This research is expected to provide a useful reference for the reliable selection, performance evaluation,
and radiation hardening of the 975 nm GaAs-based QW LD and other similar optoelectronic devices before their application

in radiation environments, as well as for the improved performance of the radiation hardening design.

Key words quantum optics; quantum well laser diode; proton; displacement damage effect; performance evaluation
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