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Displacement damage dose approach to analyze ion
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Abstract Displacement damage dose is applied to analyze the irradiation effects of 2 MeV carbon ions and

0.28 ∼ 20 MeV protons on homemade GaAs/Ge solar cells. The NIEL for each ion is modified by taking

into account the distribution of Bragg damage peak in the active region of the solar cells, and then the

corresponding displacement damage dose is obtained. It is found that with the aid of displacement damage

dose, the degradation of Pmax of GaAs/Ge solar cells induced by carbon ions and protons with various energies

and fluences could be characterized with a simple curve. Obviously, the displacement damage dose approach

simplifies the description of ion irradiation effects on homemade GaAs/Ge solar cells.
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1 Introduction

Space solar cells have been used as the main power

sources by many satellites and played an important

part in space missions. Since solar cells on satellites

are exposed to severe space radiation environment

and their output powers are decreased due to ener-

getic ion radiations, several studies
[1—6]

on ion irra-

diation effects of homemade GaAs solar cells are per-

formed on ground laboratories so as to evaluate their

radiation-resistant characteristics. These studies use

some specific ions generated at accelerators to irradi-

ate solar cells, and measure the changes in electronic

properties of the cells under different ion energies or

fluences. The space irradiation response of GaAs so-

lar cells can then be estimated from the obtained

data. However, solar cells in an actual space envi-

ronment are irradiated by tremendous kinds of ions

with broad spectra of energies, so a large number of

ground irradiation experiments must be required for

accurate performance predictions of solar cells, which

will cost lots of expenses and time.Moreover,it is hard

to generate ultrahigh-energy ions at ion accelerators.

As a matter of fact, the degradation of solar cells is

mainly due to displacement damage effects caused by

ion irradiations
[7]

. Thus, some researchers
[8, 9]

make

use of the concept of displacement damage dose, Dd,

to analyze the irradiation effects of solar cells and

successfully estimate the cells responses in space ra-

diation environment with little ground experimental

data. Dd is a quality that describes the total dis-

placement damage energy deposited per unit mass of

material, and can be obtained through multiplying

the ion fluence Φ by the respective non-ionizing en-

ergy loss (NIEL) in material (Dd = NIEL×Φ). NIEL

is a new concept in space radiation research, which
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describes the energy loss due to atomic displacement

as an ion transverses a material. In this paper, we

apply the displacement damage dose to analyze ion

irradiation effects on homemade GaAs/Ge solar cells.

2 Experiments and results

GaAs/Ge space solar cells used in this study were

fabricated by metalorganic chemical vapor deposi-

tion (MOCVD) technique. Fig. 1 shows the cross-

sectional view of p+-n-n+ GaAs/Ge solar cells. The

doping concentrations of n-base layer and p+-emitter

layer are 1.5×1017 and 3×1018cm−3, respectively.

The junction depth is about 0.5 µm. The beginning-

of-life (BOL) efficiencies of the cells with antireflective

(AR) coating were tested at AM0 to be about 18%.

The solar cells were irradiated with 0.28 to

2.80 MeV protons using a 2×1.7 MV tandem accel-

erator at Beijing Normal University. Proton fluences

ranged from 1×1010 to 1×1013 cm−2 with a flux of

about 5×108 cm−2
·s−1, low enough to avoid heat-

ing of the cells during irradiations. The details of

5— 20 MeV protons and 2 MeV carbon ions irradia-

tion experiments for the solar cells had been described

elsewhere in Refs. [4] and [6].

Fig. 1. Schematic diagram of GaAs/Ge solar cell.

I-V characristics of the solar cells before and af-

ter irradiations were measured at 25◦ under AM0

using a solar simulator with a illumination of 136.7

mWcm−2. Fig. 2 shows the degradation of normal-

ized maximum power (Pmax) of solar cells due to ion

irradiations (normalized to its initial value). It can

be seen that the degradation rate of Pmax increases

with ion fluence, and the degradation caused by car-

bon ions is most severe, and protons at lower energy

causes more degradation.

Fig. 2. The degradation of normalized Pmax of
GaAs/Ge solar cells due to ion irradiations.

3 NIEL calculations

The NIEL values for different ions play an im-

portant role in the application of displacement dam-

age dose to analyze irradiation effects of solar cells.

S.R.Messenger etc.
[8]

proposed an approach that us-

ing Monte Carlo program to calculate the NIEL

for ions in materials, but experimental data
[9]

in-

dicated that such approach only worked well when

ions traversed the active region of cells with little

energy left in it. When ions are stopped within or

nearby the active region of GaAs/Ge solar cells, such

as 2 MeV carbon ions (the project range is 2.18±

0.26 µm) and 0.28 MeV protons (the project range is

2.28±0.21 µm), their Bragg damage peaks will lie in

the active region and their energies will change no-

ticeably across the region, so that the NIEL values

calculated from above approach are not accurate. As

a consequence, when applying Dd to analyze irradi-

ation effects of specific solar cells, it is necessary to

take into account of the distribution of Bragg damage

peak in the active region and make some reasonable

modifications for NIEL.

In SRIM 2006
[10]

simulations, the solar cell is

equally divided into a number of micro partitions,

and vacancies that produced by incident ions in each

micro partition along the track are recorded, then

the non-ionizing energy deposited in each partition

can be acquired[8]. The total non-ionizing energy de-

posited in the active region is the summation of the

non-ionizing energy in each partition. If this sum-

mation energy is divided by the width of the active
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region (3.5µm) and the density of GaAs crystal (5.32

g/cm3), we can obtain the modified NIEL values. Fig.

3 shows the unmodified and modified NIEL values for

carbon ions and protons in GaAs/Ge solar cells.

In Fig. 3, it can be seen that if ions are stopped far

outside the active region of GaAs/Ge solar cells, their

energies can be assumed to be unchanged throughout

the active region, such as 2.80 to 20 MeV protons, and

the NIEL values before and after modified are nearly

coincided with each other. However, if ions terminate

in or nearby the active region of the cells, they lose

most or total of their energy in the active region, and

then the modified NIEL values are larger than the

unmodified ones, such as the case of 0.28 MeV pro-

ton§0.62 MeV proton (the project range is 6.18±

0.38 µm) and 2 MeV carbon ion.

Fig. 3. Comparison between the unmodified
and modified NIEL values for carbon ions and
protons in GaAs/Ge cells.

4 Applications of displacement dam-

age dose approach

The displacement damage dose can be obtained by

multiplying the ion fluence by the respective NIEL at

a specific energy in GaAs/Ge solar cells. Fig. 4 shows

the correlation of normalized Pmax of the solar cells

and the displacement damage dose.

It is clear that although the irradiations were per-

formed with carbon ions and protons at different en-

ergies, the degradation of Pmax due to irradiations can

be characterized with a simple curve. The correlation

between the degradation of Pmax and the displace-

ment damage dose is fitted by the following simple

analytic function:

Pmax

Pmax0

= 1−k× log

(

1+
Dd

Dx

)

,

where Pmax0 and Pmax are the maximum power of

solar cells before and after irradiation, Dd is the dis-

placement damage dose, and k and Dx are fitting pa-

rameters. The parameters kand Dx fit for the exper-

imental data are 0.097 and 1.14×109 MeV/g, respec-

tively.

Obviously, the irradiation effects of the cells

caused by carbon ions and protons at various energies

can be correlated well by the displacement damage

dose. This can be explained that atomic displacement

damages and lattice defects are produced by the de-

posited non-ionizing energy in the materials
[7]

. These

defects acting as recombination centers may cause a

decrease in the lifetime and diffusion length of the mi-

nority carrier, and result in the performance degra-

dation of solar cells. It is found that the degradation

rate of Pmax is closely related to the total non-ionizing

energy deposited in the active region of the cells, that

is, the more total non-ionizing energy (correspond-

ing to the displacement damage dose, Dd=NIEL×Φ)

that ions deposited, the more severe degradation that

Pmax of the cells will be. Thus, it can be conceived

that ion irradiation with same displacement damage

dose causes the same degradation of Pmax of solar

cells.

Fig. 4. Normalized Pmax of GaAs/Ge solar cells
as a function of displacement damage dose.

5 Conclusions

In summary, it has been shown that the NIEL

value for each ion in GaAs/Ge soalr cells should be

modified by taking into account the distribution of

Bragg damage peak in the active region of solar cells.

Then the displacement damage dose is calculated

with the modified NIEL value. It is found that with
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the aid of displacement damage dose, the degradation

of Pmax of GaAs/Ge solar cells induced by carbon

ions and protons with various energies and fluences

could be characterized with a simple curve. This indi-

cates that the approach of displacement damage dose

makes it convenient to describe the ion irradiation

effects of homemade GaAs/Ge solar cells.
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