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A B S T R A C T   

Particles in space cause irradiation damage to the solar cells (SCs), resulting in the degradation of 
their performance. Quantum dot solar cells (QDSCs) have higher theoretical efficiency and better 
irradiation resistance than the conventional GaAs SCs, which makes them highly promising for 
application in space. In this paper, we study the proton irradiation effect on InAs/GaAs0.8Sb0.2 
QDSCs by SRIM program. The simulation result shows that the InAs/GaAs0.8Sb0.2 QDSCs have 
fewer vacancies than GaAs SCs when irradiated with low-energy proton, which indicates that the 
InAs/GaAs0.8Sb0.2 QDSCs have better anti-irradiation characteristics. The study about displace-
ments per atom and proton concentration in two SCs shows that protons with low energy and high 
irradiation fluences will cause more serious damage in InAs/GaAs0.8Sb0.2 QDSCs. In addition, the 
proton incident angle affects the vacancy distribution, while the number of QD layers has little 
effect on it.   

1. Introduction 

There are a large number of charged particles such as protons and electrons in space, which cause irradiation damage to opto-
electronic devices in space, leading to a degradation of their performance [1,2]. However, the three-dimensional confinement 
properties of quantum dots (QDs) make them have good irradiation resistance, which has been confirmed in QD detectors and QD 
lasers [3–6]. A. Aierken et al. found that the photoluminescence (PL) intensity of GaAs degraded the most, quantum wells followed and 
InGaAs/GaAs QDs decreased the least under the same irradiation condition [7]. Also, there are some relevant studies in QDSCs. Cory D. 
Cress et al. also found that the InAs/GaAs QDSC maintains a much greater normalized Voc compared to the SC without QDs, which 
suggests that the QDs improve the irradiation resistance of the device [8,9]. The study of Takeshi Ohshima et al. also supports that 
QDSCs have better anti-irradiation performance, and they found the Jsc recovered after annealing at room temperature [10–12]. In 
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addition, the QDSC can absorb the low-energy photons through the intermediate band, and it has a theoretical efficiency as high as 
63.2 % [13,14]. The good irradiation resistance and ultra-high theoretical efficiency of QDSCs make them potentially applicable in 
space [15,16]. 

The QDSCs can be categorized into type I and type II QDSCs. In type II QDSCs, the electrons and holes are spatially separated, 
suppressing carrier recombination in the QDs and increasing the carrier lifetime [17,18]. Specifically, for the InAs/GaAsSb QDSC, it 
begins to exhibit a type II band structure when the content of Sb exceeds 14 % [19,20]. A conversion efficiency of 17.31 % is achieved 
when the Sb content reaches 18 % [21]. The carrier lifetime can be further prolonged by adding a GaAs interlayer between the InAs 
QDs and GaAsSb layers [22]. The spatial separation of carriers in InAs/GaAsSb type II QDSCs may further bolster their irradiation 
resistance. 

In this paper, the irradiation effect on InAs/GaAs0.8Sb0.2 QDSCs was investigated and the mechanisms that contribute to the good 
irradiation resistance were studied. Initially, the electron and nuclear stopping power of InAs and GaAs0.8Sb0.2 materials, as well as the 
influence of Sb content, was examined. Subsequently, the energy loss, vacancy distribution, proton distribution, and displacement per 
atom in InAs/GaAs0.8Sb0.2 QDSCs and GaAs SCs were compared, which proved that the InAs/GaAs0.8Sb0.2 QDSCs have excellent 
irradiation resistance. Finally, the impact of varying proton incident angles and the number of InAs/GaAs0.8Sb0.2 layers on their 
irradiation performance was studied. 

2. Introduction to the SRIM program 

In contrast to simulation software used in the irradiation study of SCs, such as PC1D, wxAMPS, and COMSOL, SRIM is a program 
designed to simulate the interaction between ion beam and solids [23–26]. By simulating the movement of incident particles, SRIM 
stores information about particle position, energy loss and various parameters of secondary particles throughout the entire tracking 
process. Finally, it calculates the expected value of various required physical quantities and corresponding statistical errors [26–28]. 
The SRIM consists of two main programs: the Tables of Stopping and Ranges of Ions in Matter (SR) and the Transport of Ions in Matter 
(TRIM). SR can quickly generate Tables of Stopping and Range of Ions in matter across a wide range of ion energies. TRIM, on the other 
hand, performs detailed calculations of the energy transferred during every collision with a target atom. 

In this paper, the evaluation of irradiation damage in InAs/GaAs0.8Sb0.2 QDSCs and reference GaAs SCs mainly relies on two 
parameters: displacements per atom (DPA) and proton concentration (C). DPA denotes the displacements per atom under a given 
irradiation condition. The concentration reflects the distribution of irradiated particles within the material. Their equations are as 
follows [29]: 

C=
F(ion/cm2) × (atoms/cm3)/(atoms/cm2)

N0(atoms/cm3)
× 100 (1)  

DPA=R
(

vacancies
ion × А

)

×
F(ion/cm2)

N0(atoms/cm3)
× 108 (2)  

where F is the irradiation fluence, R is the average number of vacancies produced per unit distance by each incident particle, which can 
be obtained from the output file vacancy.txt of the TRIM program. (atoms/cm3)/(atoms/cm2) can be obtained from the output file 
range.txt, and N0 is the atomic number density of the target materials. The number of protons used in this study is 10000. 

Fig. 1 shows the structure of the InAs/GaAs0.8Sb0.2 QDSCs and GaAs SCs used in this research. The structure refers to the SCs 
structure described in reference [30]. The InAs QD layer has a thickness of 1.8 nm and is capped by a 10 nm GaAs0.8Sb0.2 layer. The 
thicknesses of the contact layer, emitter layer, base layer, and buffer layer are 50 nm, 150 nm, 500 nm, and 300 nm, respectively. In 
this study, protons are injected into the cells from the contact layer. 

Fig. 1. The schematic diagram of the InAs/GaAs0.8Sb0.2 QDSCs (a) and the GaAs SCs (b).  
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3. The irradiation damage in InAs/GaAsSb QDSCs 

3.1. The energy loss and vacancy distribution 

Fig. 2 depicts the variation of electron stopping power and nuclear stopping power with proton energy in GaAsSb and InAs layers, 
and the proton energy ranges from 10 keV to 10 MeV. For InAs/GaAsSb QDSCs, the Sb content is crucial in the formation of inter-
mediate band solar cells. We initially simulated the energy losses of InAs layers and GaAsSb layers with different Sb contents. As the 
proton irradiation energy increases, the energy loss of these materials displays the same tendency. Their electronic stopping power 
initially increases and then decreases, while the nuclear stopping power continuously decreases. Additionally, as the Sb content in-
creases, both the electronic stopping power and nuclear stopping power of GaAsSb materials decrease. 

Fig. 3 shows the variation of phonon energy loss and ionization energy loss with proton energy in InAs/GaAs0.8Sb0.2 QDSCs and 
GaAs SCs, and the proton energy ranges from 10 keV to 3 MeV. The energy loss of the two SCs are dominated by ionization energy loss 
and show the same tendency with the variation of proton energy. As the proton energy increases, the proportion of ionization energy 
loss progressively increases, while the proportion of phonon energy loss diminishes. And the energy loss in the two SCs reaches stability 
under high-energy proton irradiation. This is because that if the proton energy is high enough, the majority of the protons will 
penetrate the entire SCs, reducing the collision between protons and lattice atoms, and consequently reducing the energy transfer to 
phonons. It is worth noting that the primary distinction between the two SCs lies in their response to low-energy proton irradiation. 
The proportion of phonon energy loss in InAs/GaAs0.8Sb0.2 QDSCs is smaller than that in GaAs SCs when they are irradiated with low- 
energy protons. Since the phonon energy loss is correlated with the generation of vacancies, the results above indicates that InAs/ 
GaAs0.8Sb0.2 QDSCs have better irradiation resistance compared to GaAs SCs under low-energy proton irradiation. 

Fig. 4 shows the variation of vacancy distribution with proton energy in InAs/GaAs0.8Sb0.2 QDSCs and GaAs SCs, and the proton 
energy is the same as in Fig. 3. The two SCs exhibit a similar trend as proton energy increases. Initially, the increase of proton energy 
leads to a rise in the energy transfer to phonon, resulting in the creation of vacancies. However, once the proton energy reaches a 
threshold and the proton can penetrate the entire SCs, a notable decrease in the number of vacancies will be observed. Additionally, 
both SCs exhibit comparable irradiation resistance under high-energy proton irradiation, which suggests that the contribution of 
quantum dots to the anti-irradiation performance will be not significant if the proton energy is too high. Specifically, the number of 
vacancies in InAs/GaAs0.8Sb0.2 QDSCs and GaAs SCs are 9.1 and 9.9 at 50 keV, respectively, and 11.4 and 12.6 at 150 keV. When the 
proton irradiation energy reaches 1 MeV, the vacancy drops to 0.8 for both SCs. Therefore, InAs/GaAs0.8Sb0.2 QDSCs exhibit less 
damage than GaAs SCs under low-energy irradiation, indicating that they have superior irradiation resistance. Besides, the results 

Fig. 2. The variation of electron stopping power (a) and nuclear stopping power (b) with proton energy in GaAs1-xSbx layers; the variation of 
electron stopping power (c) and nuclear power (d) with proton energy in InAs layers. 
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suggest that low-energy proton irradiation causes more severe damage in both SCs, which is consistent with the conclusion in reference 
[31]. 

Notably, there is a peak shift in Fig. 4 and the InAs/GaAs0.8Sb0.2 QDSCs have more vacancies than GaAs SCs when the proton energy 
is 200 keV. The addition of the quantum dots decreases the number of vacancies behind the QD layer, while it hinders the movement of 
the proton, which can also be observed in Fig. 5. The energy required for protons to penetrate the GaAs SCs is approximately 150 keV, 
while the protons with the same energy are unable to penetrate the InAs/GaAs0.8Sb0.2 QDSCs. And once the proton can permeate the 
entire SCs, the number of vacancies will be significantly reduced. 

Fig. 5 shows the variation of vacancy distribution in InAs/GaAs0.8Sb0.2 QDSCs and GaAs SCs, and the proton energy is 50 keV in 
Fig. 5 (a) and Fig. 5 (d), 150 keV in Fig. 5 (b) and Fig. 5 (e), 1 MeV in Fig. 5 (c) and Fig. 5 (f). As observed from Fig. 5, the ranges of 
proton within the two SCs increase with the rise of proton irradiation energy, resulting in a deeper position of the vacancies. Besides, 
there is a notable reduction in the number of vacancies behind the QD layer. The integration of vacancy reveals that the total number of 
vacancies in the InAs/GaAs0.8Sb0.2 QDSCs decreases by approximately 8.3 % compared to the GaAs SCs. However, it is noteworthy that 
there are more vacancies in InAs/GaAs0.8Sb0.2 QDSC at the surface and the total number of vacancies in front of the InAs and 
GaAs0.8Sb0.2 layers increases by about 8.9 %. This is because that the movement of protons is impeded by the QD and GaAs0.8Sb0.2 
layers. Furthermore, Fig. 5 (b) and Fig. 5 (e) verify that protons with 150 keV energy can penetrate the GaAs SCs while they are unable 
to penetrate the InAs/GaAs0.8Sb0.2 QDSCs. When the proton energy reaches 1 MeV, most protons penetrate the two SCs, resulting in 
fewer vacancies and a more uniform distribution. 

3.2. The DPA and proton distribution 

Fig. 6 and Fig. 7 show the variation of the DPA with proton fluence in InAs/GaAs0.8Sb0.2 QDSCs and GaAs SCs under 50 keV and 
150 keV proton irradiation. As the irradiation fluence rises, the DPA of both SCs increases, suggesting that high irradiation fluence will 
cause more severe damage to the SCs. The DPA initially increases and then decreases in GaAs SCs under 50 keV proton irradiation. 
When the proton energy increases to 150 keV, the maximum DPA shifts to a deeper position. Different from GaAs SCs, there is a 

Fig. 3. The variation of phonon energy loss (a) and ionization energy loss (b) with proton energy.  

Fig. 4. Variation of vacancy distribution with proton energy.  
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noticeable decrease in the DPA within the range of 0.19224 μm–0.2226 μm (50 keV) and 0.18213 μm–0.2216 μm (150 keV) in InAs/ 
GaAs0.8Sb0.2 QDSCs, which corresponds to the InAs QDs and GaAs0.8Sb0.2 layers. Furthermore, the maximum DPA of the InAs/ 
GaAs0.8Sb0.2 QDSCs decreases with the increase of proton energy, dropping from 0.77 to 0.69 at 1 × 1017 H+/cm− 2, while the 
maximum DPA in GaAs SCs has hardly changed, which proves that InAs/GaAs0.8Sb0.2 QDSCs have better irradiation resistance than 
GaAs SCs. 

Fig. 8 and Fig. 9 show the variation of the proton concentration with irradiation fluence under 50 keV and 150 keV proton irra-
diation in InAs/GaAs0.8Sb0.2 QDSCs. The proton distribution in the two SCs is very similar, so only the change in InAs/GaAs0.8Sb0.2 

Fig. 5. The variation of vacancy distribution in SCs. (a), (b) and (c) are the InAs/GaAs0.8Sb0.2 QDSCs; (d), (e) and (f) are the GaAs SCs. The two 
black lines in the left graphs are InAs and GaAs0.8Sb0.2 layers. 
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QDSCs is calculated here. When the QDSCs are irradiated with 50 keV protons, the proton concentration increases with the rise of 
irradiation fluence and reaches a maximum value of 0.13 at an irradiation fluence of 1 × 1015 H+/cm2, 6.29 at 5 × 1016 H+/cm2, and 
12.58 at 1 × 1017 H+/cm2. The position of the maximum concentration remains unchanged and the depth is about 0.37 μm. The 
variation of concentration with proton fluence under 150 keV proton irradiation is similar to that under 50 keV proton irradiation, and 
there are two main differences. The position of the maximum concentration deepens and the depth is about 1 μm under 150 keV proton 

Fig. 6. The variation of the DPA with proton fluence under 50 keV proton irradiation in InAs/GaAs0.8Sb0.2 QDSCs (a) and in GaAs SCs (b).  

Fig. 7. The variation of the DPA with proton fluence under 150 keV proton irradiation in InAs/GaAs0.8Sb0.2 QDSCs (a) and in GaAs SCs (b).  

Fig. 8. The distribution of proton (a) and the variation of proton concentration with proton fluence (b) in InAs/GaAs0.8Sb0.2 QDSCs under 50 keV 
proton irradiation. 
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irradiation. Additionally, as the proton energy increases, the maximum concentration decreases, for example, it drops by 35.6 % at an 
irradiation fluence of 1 × 1017 H+/cm2. The findings above indicate that proton with low energy and high irradiation fluence causes 
more severe damage in QDSCs, and the simulation results are in agreement with reference [31]. 

3.3. The influence of proton incidence angles and the number of QD layers 

Fig. 10 shows the variation of vacancy distribution with proton incidence angle under 100 keV proton irradiation in InAs/ 
GaAs0.8Sb0.2 QDSCs. With the increase of the proton incident angle, the peak of the vacancy distribution shifts toward the surface, 
which is caused by the shortening of the proton projection range. The peak position is 0.65 μm at 0◦, 0.57 μm at 30◦, and 0.28 μm at 
60◦. When the proton incidence angle reaches 89.9◦, the vacancies are distributed only on the surface. The integration results indicate 
that the total number of vacancies remains unchanged when the incident angle is within the range of 0◦–60◦. However, the number of 
vacancies decreases when the angle increases to 89.9◦. The reason may be that when the proton incident angle is too large, some 
protons don’t get into the SCs. 

Fig. 11 illustrates the variation of vacancy distribution with the number of QD layers under 100 keV proton irradiation in InAs/ 
GaAs0.8Sb0.2 QDSCs. It can be observed from Fig. 11 (a) that the average range of protons is less than the thickness of the QDSCs, and 
the vacancy distribution hardly changes with increasing the number of QD layers. Fig. 11 (b) shows the change of vacancy distribution 
in the QD region, and it shows that the minimum value of the vacancies shifts to a deeper position when the number of QD layers 
increases, about 0.01–0.02 μm for every two additional QD layers, which is quite small compared to the thickness of the SCs. Addi-
tionally, there is an increase in vacancies in the 10-stacked InAs/GaAs0.8Sb0.2 QDs layers compared to that in the single layer. The QD 
layers impede the movement of protons and the 10-stack QD layers are thicker than the single layer, both of which result in more 
vacancies in 10-stacked InAs/GaAs0.8Sb0.2 QDSCs. Some researches show that the increase of QD layers enhances irradiation resistance 
of QDSCs [9]. The reason why the simulation results here differ from the reported experiment results may be that the enhancement is 

Fig. 9. The distribution of proton (a) and the variation of proton concentration with proton fluence (b) in InAs/GaAs0.8Sb0.2 QDSCs under 150 keV 
proton irradiation. 

Fig. 10. The variation of vacancy distribution with proton incidence angle under 100 keV proton irradiation.  
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related to the three-dimensional confinement characteristics of QDs, while we only consider the material properties in this paper. More 
research is needed to understand the irradiation resistance of QDSCs. 

4. Conclusion 

The proton irradiation effect on InAs/GaAs0.8Sb0.2 QDSCs is studied by SRIM simulation. The results show that the energy loss of 
InAs/GaAs0.8Sb0.2 QDSCs is mainly dominated by the ionization energy loss. There is less phonon energy loss and fewer vacancies in 
InAs/GaAs0.8Sb0.2 QDSCs than that in GaAs SCs under low-energy proton irradiation, which proves that InAs/GaAs0.8Sb0.2 QDSCs have 
better irradiation resistance. Besides, the DPA and proton concentration increase with the rise of proton irradiation fluence, and the 
DPA of the InAs/GaAs0.8Sb0.2 QDSC drops from 0.77 to 0.69 when proton energy increases from 50 keV to 150 keV, which indicates 
that proton with low energy and high irradiation fluence causes more serious irradiation damage in SCs. The peak of vacancy moves 
from 0.65 μm to the surface and the total number of vacancies is reduced when the proton incident angle increases from 0◦ to 89.9◦. 
From the perspective of material properties, the number of QD layers hardly has an impact on the vacancy distribution in InAs/ 
GaAs0.8Sb0.2 QDSCs. All in all, the InAs/GaAs0.8Sb0.2 QDSCs exhibit excellent irradiation resistance and have the potential for 
application in space. 

Data availability statement 

Data will be made available on request. 

CRediT authorship contribution statement 

Guiqiang Yang: Writing – original draft. Yidi Bao: Data curation. Xiaoling Chen: Investigation. Chunxue Ji: Data curation. Bo 
Wei: Data curation. Wen Liu: Writing – review & editing. Xiaodong Wang: Writing – review & editing. 

Declaration of competing interest 

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to 
influence the work reported in this paper. 

Acknowledgments 

This research was supported by the National Key R&D Program of China (No. 2019YFB1503602). 

References 

[1] J. He, Y. Shen, B. Li, X. Xiang, S. Li, X. Fang, H. Xiao, X. Zu, L. Qiao, A comparative study of the structural and optical properties of Si-doped GaAs under 
different ion irradiation, Opt. Mater. 111 (2021) 110611, https://doi.org/10.1016/j.optmat.2020.110611. 

[2] C. Gao, R. Cao, L. Li, B. Mei, H. Zhang, H. Lv, Y. Xue, X. Zeng, Proton irradiation effects on GaInP/GaAs/Ge triple junction cells, Opt. Mater. 142 (2023) 114006, 
https://doi.org/10.1016/j.optmat.2023.114006. 

[3] S. Oktyabrsky, V. Tokranov, M. Yakimov, A. Sergeev, V. Mitin, in: E.W. Taylor, D.A. Cardimona, R.G. Pirich, N.S. Prasad, J. Pérez-Moreno, N.J. Dawson (Eds.), 
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