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Abstract. Displacement damage from high-energy electron and proton irradiation is a critical
degradation mechanism in space solar cells, particularly within the Van Allen radiation belts.
These energetic particles induce atomic displacements in semiconductor materials, generating
lattice defects such as vacancies, di-vacancies, and impurity-related complexes (e.g., BiO;,
BiCs and BiH;) that significantly impact the electronic structure of silicon, reducing solar cell
efficiency and power output. A fundamental understanding of these defects is critical for de-
signing radiation-resistant photovoltaics. To address this challenge, we employ first-principles
Density Functional Theory(DFT) using the SIESTA code with localized orbital basis sets to
model the electronic structure of silicon systems with induced defects and impurities. Our study
focuses on boron-related defect complexes, including interstitial boron (Bi) and its interactions
with oxygen (O) and hydrogen (H), with validation against experimental data and comparative
calculations using QUANTUM-ESPRESSO to assess computational robustness. Our simula-
tion identifies key defect energy levels, including BiO; at Ec — 0.23 eV and BiCs at E, + 0.31 eV,
which exhibit strong agreement with experimental data, reinforcing the reliability of our ap-
proach. We further analyze the passivating role of interstitial hydrogen (H;) and its influence on
defect neutralization. These findings provide critical insights for defect engineering strategies,
enabling optimized doping and thermal processing to mitigate radiation-induced degradation.
This research advances the development of next-generation, radiation-tolerant photovoltaics
for prolonged space missions by identifying dominant defect configurations and their electronic
structure.
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1. Introduction

Specific defect energy calculations relevant to Technology Computer-Aided Design (TCAD)
are performe<d using first-principles Density Functional Theory (DFT). These calculations are
implemented in the SIESTA code, which uses local orbital pseudopotentials for electronic
structure calculations, to compare the results with experimental data and identify the dominant
defects.

Meticulous determination of the defect and impurity signatures (apparent activation en-
ergy, capture cross-section for holes and electrons as well as their concentration) can consid-
erably facilitate the defect engineering strategies for doping and thermal processing to achieve
the desired materials properties. That can be done with the Density-Functional Theory (DFT)
powerful tool for atomic-scale computational material science, which is widely used to study
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defects in semiconductors, predict their structural and electronic properties, vibrational and
diffusional dynamics as observed by the various experiments. Experimental results are re-
quired as an important input for such defects that affect the device performance. These results
can be obtained through the material database NERSC.

Precise characterization of defect signatures including activation energies, capture cross-
sections for holes and electrons, and defect concentrations enables advanced defect engi-
neering strategies for optimizing doping and thermal processes to achieve the desired materi-
als properties for space solar cell applications.

DFT has proven to be a powerful tool for predicting defects' structural, electronic, vibra-
tional, and diffusional properties, validated through published experimental data.

Previous studies have demonstrated the high accuracy of DFT in predicting defect energy
levels, particularly those responsible for the degradation of boron-doped Czochralski silicon
(CZ-Si) solar cells. The optical and electrical activity of boron interstitial defects in silicon have
been systematically investigated using the AIMPRO DFT code [1], providing critical insights
into defect-induced electronic states. Furthermore, the formation and stability of key defect
complexes, including BiOi, BiCs, and BiBsHi, in electron-irradiated or ion-implanted boron-
doped silicon have been extensively analyzed [2]. Additionally, the identification and charac-
terization of boron clusters and boron-interstitial aggregates in silicon have been reported in
[3], further substantiating the role of boron-related defects in solar cell degradation. These find-
ings reaffirm the capability of DFT-based approaches in predicting defect properties and guid-
ing material optimization for high-performance photovoltaic devices.

2. DFT simulation software
We have access to several sources for DFT codes, including:

(1) SIESTA code — open-access and open-source DFT code developed as a part of Span-
ish Initiative for Electronic Simulations with Thousands of Atoms; A very important feature of
the code is that its accuracy and cost can be tuned in a wide range, from quick exploratory
calculations to highly accurate simulations matching the quality of other approaches, such as
plane-wave methods.

(2) Quantum ESPRESSO - another open-access and open source DFT code.

(3) SegQuest (Sandia National Laboratories) - a versatile electronic structure code devel-
oped to compute energies and forces for periodic surfaces (slabs), solids, or finite molecules.

Typically, computation with DFT code consists of (a) choosing the appropriate pseudopo-
tential, generating a basis set, specifying cut-off radii, providing the atomic structure as an
input, performing calculation, analysis, and then structural optimization of the atomic coordi-
nates.

3. Simulation of silicon crystal with specific displacement damages

The SIESTA package code is used to provide the calculation of the atomic systems. The 64
silicon atoms system was tested with the emphasis on the bands structure specifically of the
energy levels corresponding to the valence and conduction bands. The results of this simula-
tion are used as a reference point for the simulation of the silicon system with impurities. The
64 atoms system was constructed as a silicon crystal and the SIESTA code calculations were
performed in order to obtain valence band maximum and conducting band minima to observe
the indirect energy gap. The Hamann — Schluter - Chiang pseudo-potential for Si was used as
an input for SIESTA. The band structure of the 64 atoms silicon crystal is shown in Fig. 1. The
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E. corresponds to the -0.73 eV and the E. corresponds to the 0.26 eV with the Egap of 0.99 eV.
The Fermilevel is at 0. This result was used as the reference for calculations of silicon systems
with impurities. Calculations were also made for Troullier-Martin's pseudopotential. We were
using double and triple atoms defect in 64 Si atoms system. Simulations were performed for
H, B, C, and O atoms as interstitials and substitutional atoms. Using the molecular dynamic
option the atomic system was fully relaxed. Electronic structures of the silicon systems with
impurities boron interstitial(Bi), boron interstitial + carbon substitutional(BiC;), boron interstitial
+ oxygen interstitial(BiOi) and boron interstitial + hydrogen interstitial(BiH;) are shown in Fig.2.

S——

Figure 1. Bands structure for the 64 atoms silicon crystal

4. Results and Discussion

Electrical Activity of Boron-Related Defect Complexes. Interstitial boron B, is a highly re-
active defect in silicon, readily forming complexes with common impurities such as oxygen (O)
and hydrogen (H). We performed first-principles calculations to assess their impact on elec-
tronic properties and compared our findings with available experimental data.
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Figure 2. Electronic structure of the silicon system with impurities: Bj(top left), BiOi(fop right), BCs(bot-
fom left) and BiHj(bottom right)

BjOj Complex. Our first-principles calculations indicate that the energy band level of the
B;jO; complex is positioned near E - 0.23 eV [4], aligning well with previous theoretical results.
Additionally, we identify two new defect states near the valence band edge at E,, + 0.17 eV
and Ey, + 0.12 eV with different pseudopotentials, suggesting possible variations in defect con-
figurations or computational methodology.

BjCs Complex. For the B{Cg defect, our structural analysis reveals a ground-state config-
uration closely resembling that of the previously studied BjBg defect [5-7]. Our results indicate
a defect level at E, + 0.31 eV, demonstrating excellent consistency with experimental results,
further supporting the reliability of our approach.

Role of Hydrogen in Defect Passivation. Interstitial Hydrogen (H;) plays a critical role in
silicon processing due to its high diffusivity and ability to passivate electrically active defects.
While no direct experimental data on BjH; defects is available, we analyzed the BiH; complex
with SIESTA (a localized orbital, linear-scaling code) and compared with results obtained using
Quantum ESPRESSO [8] (a plane-wave code) under identical physical conditions, which pro-
vides a built-in cross-validation. Both codes showed consistent results for the BiH; electronic
defect level, giving high confidence in our findings. These results provide valuable insight into
the potential impact of hydrogen on Bj-related defects, which warrants further experimental

investigation.

The SIESTA simulation results of the calculated energy structure of the silicon systems
with impurities are summarized in Table 1.
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5. Conclusion

High-energy radiation-induced displacement damage in space solar cells introduces detri-
mental defects that significantly impact efficiency and power output. Through first-principles
Density Functional Theory (DFT) calculations using the SIESTA code, this study comprehen-
sively analyzes defect-induced electronic structures in silicon, including BO;, BiCs, and BiH..
Our results identify key defect configurations, including interstitial boron (Bi) and its complexes
with oxygen and hydrogen, revealing their electrical activity and energy band levels. The com-
puted defect states, such as BiO; (E¢- 0.23 eV) and BCs (E,, + 0.31 eV), align well with exper-

imental data, reinforcing the reliability of our computational approach. Furthermore, our analy-
sis highlights the passivating role of hydrogen (Hi) in mitigating electrically active defects,
providing key Oinsights for defect engineering in radiation-hardened solar cells. These findings
validate DFT as a robust predictive tool for providing critical insights into defect engineering
strategies, enabling the development of advanced material strategies to enhance radiation re-
sistance in space photovoltaics. By identifying dominant defect configurations and their elec-
tronic impact, this work paves the way for optimized silicon-based solar cells with improved
longevity and performance in harsh radiation environments.

Table 1. Energy level within energy gap due to defects in silicon system.

Defect HSC pseudopot| TM pseudopot | Experiment Abdurrazaq [8]
Ec—0.26eV. | Ec—-0.60eV. | ;¢ 156y (9] Ec - 0.26eV
Bi Ec—-0.17eV Ec - 0.25eV Ec— 0.45eV [9] Ec — 0 33eV
Ec — 0.05eV Ec —0.10eV ) )
Ec - 0.48eV
A Ec — 0.25eV Ec — 0.20eV Ec - 0.23eV [4] _
BO Ev+017eV | Ec—006eV |Ec—027eV[i0)| EC¢—0-26eV
Ev + 0.12eV
Ev + 0.04eV
co, sV oo | Ev+od4iev | Ev+0363ev
) Ec-0.13eV
Ev + 0.31eV
Ev + 0.32eBV Ev + 0.17eV
BCs Ev+021eV | Ec—034ev |EV7* 0.1229]eV (1. Ev+0.28ev
Ec-0.21eV Ec - 0.26eV
Ec — 0.09eV
Ev + 0.46eV
BH. Ev + 0.42eV Ec - 0.45eV Ev + 0.37eV
o Ec - 0.18eV Ec—-0.13eV Ec - 0.07eV
Ec — 0.05eV
Ev + 0.70eV
BBH; Ev+0.50eV | £o_ 0556V |Ev+0.50eV[13]|  Ev+0.50eV
Ec — 0.34eV
Ec - 0.16eV
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