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ARTICLE INFO ABSTRACT

Keywords: Particles in space cause irradiation damage to the solar cells (SCs), resulting in the degradation of
IHAS{ GéASO-SS'?O-Z QDSCs their performance. Quantum dot solar cells (QDSCs) have higher theoretical efficiency and better
Irradiation resistance irradiation resistance than the conventional GaAs SCs, which makes them highly promising for

Displacement per atom application in space. In this paper, we study the proton irradiation effect on InAs/GaAs gSbg 2

QDSCs by SRIM program. The simulation result shows that the InAs/GaAsg gSbg.o2 QDSCs have
fewer vacancies than GaAs SCs when irradiated with low-energy proton, which indicates that the
InAs/GaAsg gSbo.o 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/GaAsg gSbg.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 V,, 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 Js. recovered after annealing at room temperature [10-12]. In

* Corresponding author. Engineering Research Center for Semiconductor Integrated Technology, Institute of Semiconductors, Chinese Academy of
Sciences, Beijing, 100083, China.
** Corresponding author. Engineering Research Center for Semiconductor Integrated Technology, Institute of Semiconductors, Chinese Academy
of Sciences, Beijing, 100083, China.
E-mail addresses: liuwen519@semi.ac.cn (W. Liu), xdwang@semi.ac.cn (X. Wang).

https://doi.org/10.1016/j.heliyon.2024.e33910
Received 22 February 2024; Received in revised form 14 June 2024; Accepted 28 June 2024

Available online 28 June 2024
2405-8440/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC license

(http://creativecommons.org/licenses/by-nc/4.0/).


mailto:liuwen519@semi.ac.cn
mailto:xdwang@semi.ac.cn
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2024.e33910
https://doi.org/10.1016/j.heliyon.2024.e33910
https://doi.org/10.1016/j.heliyon.2024.e33910
http://creativecommons.org/licenses/by-nc/4.0/

G. Yang et al. Heliyon 10 (2024) 33910

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/GaAsg gSbg.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 GaAs gSby » 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/GaAsg gSbg.2 QDSCs and GaAs SCs were compared, which proved that the InAs/GaAsg gSbp.2 QDSCs have excellent
irradiation resistance. Finally, the impact of varying proton incident angles and the number of InAs/GaAsg gSby 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/GaAsp gSbp 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]:

__F(ion/cm?) x (atoms/cm?)/(atoms/cm?*)

C= 100 1
No(atoms/cm?) x m

vacancies F(ion/cm?) s
DPA=R 10 2
( ion x A4 ) Ny (atoms/cm?3) % @

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/cm®)/(atoms/cm?) can be obtained from the output file
range.txt, and Ny 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/GaAsg gSbg» 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 GaAsg gSby o 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.

50 nm p-GaAs contact layer (@ _

i
s 1.8 nm InAs QD

150 nm p-GaAs emitter layer .

500 nm n-GaAs base layer

300 nm n-GaAs buffer layer

Fig. 1. The schematic diagram of the InAs/GaAsy gSbo.» 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/GaAsg gSbg 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/GaAsg gSbg.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/
GaAsg gSbg 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/GaAs gsSbg.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/GaAsg gSbg 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/GaAsg gSbg.o QDSCs exhibit less
damage than GaAs SCs under low-energy irradiation, indicating that they have superior irradiation resistance. Besides, the results
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Fig. 2. The variation of electron stopping power (a) and nuclear stopping power (b) with proton energy in GaAs;Sby layers; the variation of
electron stopping power (c) and nuclear power (d) with proton energy in InAs layers.
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Fig. 4. Variation of vacancy distribution with proton energy.

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/GaAs( gSbg.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/GaAs( gSbp.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/GaAsg gSbg 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/GaAs( gSbg 2 QDSCs decreases by approximately 8.3 % compared to the GaAs SCs. However, it is noteworthy that
there are more vacancies in InAs/GaAsg gSbp.2 QDSC at the surface and the total number of vacancies in front of the InAs and
GaAsg gSby 2 layers increases by about 8.9 %. This is because that the movement of protons is impeded by the QD and GaAsg gSbg 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/GaAsg gSbg.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/GaAsg gSbg > 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
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Fig. 5. The variation of vacancy distribution in SCs. (a), (b) and (c) are the InAs/GaAsg gSbg.o QDSCs; (d), (e) and (f) are the GaAs SCs. The two
black lines in the left graphs are InAs and GaAsq gSbg » layers.

noticeable decrease in the DPA within the range of 0.19224 pm-0.2226 pm (50 keV) and 0.18213 pm-0.2216 pm (150 keV) in InAs/
GaAsg gSbg.2 QDSCs, which corresponds to the InAs QDs and GaAsg gSbg o layers. Furthermore, the maximum DPA of the InAs/
GaAsg gSbp.2 QDSCs decreases with the increase of proton energy, dropping from 0.77 to 0.69 at 1 x 10'7 H*/cm™2, while the
maximum DPA in GaAs SCs has hardly changed, which proves that InAs/GaAs gSbg 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/GaAsg gSbg.2 QDSCs. The proton distribution in the two SCs is very similar, so only the change in InAs/GaAsg gSbg 2
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Fig. 6. The variation of the DPA with proton fluence under 50 keV proton irradiation in InAs/GaAsg gSbp 2 QDSCs (a) and in GaAs SCs (b).
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Fig. 8. The distribution of proton (a) and the variation of proton concentration with proton fluence (b) in InAs/GaAsg gSbg.» QDSCs under 50 keV
proton irradiation.

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 x 10'° H*/cmz, 6.29 at 5 x 10'© H*/cmz, and
12.58 at 1 x 10*” H'/em?. The position of the maximum concentration remains unchanged and the depth is about 0.37 pm. 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 pm under 150 keV proton
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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 x 10'” H*/cm?. 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/
GaAsg gSbg 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 pm at 0°, 0.57 pm at 30°, and 0.28 pm 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/
GaAsg gSbg 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 pm 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/GaAs gSbg 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/GaAs gSbg. 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
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Fig. 10. The variation of vacancy distribution with proton incidence angle under 100 keV proton irradiation.
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Fig. 11. The variation of vacancy distribution with the number of QD layers within the range of 0-1 pm (a) and 0.20-0.31 pm (b).

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/GaAsg gSbg 2 QDSCs is studied by SRIM simulation. The results show that the energy loss of
InAs/GaAs( gSbg.2 QDSCs is mainly dominated by the ionization energy loss. There is less phonon energy loss and fewer vacancies in
InAs/GaAs gSbp.2 QDSCs than that in GaAs SCs under low-energy proton irradiation, which proves that InAs/GaAsg gSbg.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/GaAs( gSbg.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 pm 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/
GaAsp gSbg 2 QDSCs. All in all, the InAs/GaAsg gSbg.a QDSCs exhibit excellent irradiation resistance and have the potential for
application in space.
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