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This study investigates the effects of successive neutron and gamma radiation on the parame-
ters of commercial solar cells. Several solar panels have been exposed to neutron radiation and
then, after 30 days of recovery, to gamma radiation. A series of measurements of solar cell pa-
rameters have been undertaken to determine the reliability of solar cells in the condition of
successive irradiation of different types of rays. Solar cell parameters have been measured be-
fore and after every step of irradiation. The process of annealing has also been observed. This
paper aims to present the effects of both neutron and gamma radiation on the same solar cell

sample.
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INTRODUCTION

Nowadays, energy consumption is very high. Al-
most every area of human life requires energy. Most of
the energy is used for transport, heating, cooling, and
generation of electricity. One kind of energy that had an
exceptional expansion in the last decades is solar en-
ergy. Applications of photovoltaic (PV) conversion of
solar energy and solar systems based on it are countless.
Solar energy is one of the most acceptable sources of
electrical energy and because of that, solar systems are
not very expensive which is their main advantage. The
basic unit of solar systems is the solar cell which be-
longs to semiconductor detector devices. The possibili-
ties of application of solar cells are very wide: commu-
nications, signal processing, photonic sensing, some
special applications, efc. However, PV technology and
systems also have some disadvantages and limitations,
like low efficiency and sensitivity to external influ-
ences, especially radiation. A number of researchers
and institutions work on the development of solar cells,
and try to improve the conventional solar cell character-
istics based on semiconductor materials and explore the
possibilities of using new materials [1].

The main reason for the production of new and
improved existing solar cells is the intention to make
them reliable and effective in specific circumstances,
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like space [2-4]. In various work conditions, solar cells
could work in presence of different types of radiation,
like neutrons, gamma rays, alpha particles, electrons,
protons, positrons, and heavy ions. Considering the
conditions in space (vacuum, gas), it would be inter-
esting to investigate whether exposure to radiation
will change the characteristics of solar cells so much
that they start to behave like electrodes in a vacuum
and cause an eventual breakdown between those lo-
cated at a small distance. There has been a lot of re-
search on the conditions under which a breakdown oc-
curs between electrodes in vacuum or gas [5-11].

This work describes a series of measurements
undertaken to try to identify the changes in the behav-
iour of solar cells exposed to successive neutron and
gamma irradiation.

EXPERIMENTAL PROCEDURE

Solar cells used in this study are commercially
available monocrystalline silicon solar panels. Their
basic characteristics are a maximum power voltage of
4.0 V, maximum power current of 100.0 mA, and di-
mension: 70 mm x 65 mm x 3.2 mm.

Devices were first exposed to neutron and
gamma radiation from a >*! Am-Be source and then, af-
ter one month, to a ®*Co gamma source. Both sources
were housed in the Vinca Institute of Nuclear Sciences
in Belgrade, Serbia.
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The ?*' Am-Be source emits gamma photons of
low energy (60 keV and 14 keV) with the activity of
3.7-10'° Bq, the intensity of the neutron emission of
2.7-10° 57! and the mean energy of the neutrons E,,, =
=5.5MeV. The panels were placed at a distance of
5 cm from the source, so the photon equivalent dose
rateis H,= 12 mSvh™!, and the photon absorbed dose
rate is D, = 12 mS_Vh’l. The calculated neutron ab-
sorbed dose rate is D, = 1.714 mSvh ™! and the equiva-
lent dose rate of neutrons is /,, = 12 mSvh™! with the
quality factor O, = 7. In this experiment, the semicon-
ductor devices were placed at a distance of 5 cm from
the 2! Am-Be source, and the exposure period was
16.75 hours. Since the total absorbed dose, for that dis-
tance, is D ,,= 13.714 mGyh ' and the total equivalent
dose is H =24 mSvh!, the total absorbed dose for
material components is D, = 229.71 mGy and the to-
tal equivalent dose is H,, = 402 mSv [12].

The dose of ®°Co gamma source is 2000 Gy, with
an energy of 1.25 MeV and, a half-life time of 5.27 years.
The samples were placed in a controlled environment at a
distance of 150 mm away from the radioactive source
with glass between them. The dose rate was 100 Gyh™!
which was measured by an electrometer with ionization
chamber TW 30012-0172 produced by PTW, Germany.
The measurement uncertainty of the system is less than
1.2 % [12, 13].

Both irradiations, those from the 2*'!Am-Be
source and those from the ®*Co gamma source were
performed in the air at a temperature of 21 °C and rela-
tive humidity of 40 % to 70 % [12].

Before and after every step of the irradiation se-
ries and parallel resistance, open-circuit voltage,
short-circuit current, fill factor and efficiency have
been measured. The measurements were performed on
the solar panels, in highly controlled conditions at
room temperature, which have previously been re-
moved from the irradiation room.

Five measurements of the parameters of the solar
cells have been performed:

— firstmeasurement: just before neutron irradiation,

— second measurement: just after neutron irradiation,

—  third measurement: 30 days after neutron irradia-
tion (just before gamma irradiation),

—  fourth measurement: just after gamma irradiation,
and

—  fifth measurement: 30 days after gamma irradia-
tion.

In order to perform the long-term isothermal an-
nealing i. e. to give panels enough time to recover, the
third and fifth measurements have been undertaken 30
days after the irradiation. Because of that, the changes
occurring in the samples after the first irradiation (neu-
tron) can be considered permanent. Standard measure-
ment equipment (the professional digital multimeter
AMPROBE 33XR) was used for measurement. The
combined measurement uncertainty for all measure-
ments was less than 1.2 % [14, 15].

RESULTS AND DISCUSSION

The basic solar cell parameters before and after
neutron and gamma irradiation are shown in figs. 1-5.
Incident radiation particles interact with the atoms in
the crystalline lattice through collisions which causes
displacements of atoms from their positions. That
leads to the degradation of the transport properties of
the material which directly affects the minority car-
rier's lifetime. The most common defects in silicon are
vacancies, self-interstitials, impurities, and dopants
which could enter into different interactions and create
some point defects which are undesirable, like com-
pensator and recombination centers [16]. Those cen-
ters affect solar cells' performance. All of these effects
reduce the lifetime of minority carriers in the base
layer. The final result is an increasing series resistance,
fig. 1 [17].

Neutrons as heavy particles cause radiation
damage in silicon crystalline through a displacement
of atoms from their positions in the lattice. This distor-
tion and destruction of local lattice structure are called
Frenkel defects. If neutron irradiation creates stable
defects in the material which already has impurity at-
oms, donors, or implanted atoms that could form com-
plex defects. Those defects behave as recombination
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Figure 1. Solar panel series resistance during the
successive neutron and gamma irradiation
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Figure 2. Solar panel parallel resistance during the
successive neutron and gamma irradiation
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Figure 3. Solar panel open-circuit voltage during the
successive neutron and gamma irradiation
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Figure 4. Solar panel short-circuit current during the
successive neutron and gamma irradiation
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Figure 5. Solar panel fill factor during the successive neu-
tron and gamma irradiation

sites or traps which leads to a significant decrease in
minority carrier lifetime. This results in a deterioration
of electrical parameters of the solar cells, such as series
resistance Rs, output current, and finally efficiency
[18], as is shown in figs. 1-5.

Gamma rays (high energy photons) interact with
material and create two types of effects. The first one is
ionization and the second one is atomic displacement.
Ionization is caused by a Photoelectric effect,
Compton scattering, and pair production (if the energy
ofincident radiation is above several hundred keV) In-
terstitial primary knock-on atom (PKA), vacancy, and
complex of them form a deep level in bandgap
(so-called the generation-recombination center). The
recombination centers in the bulk regions cause the re-
duction of a carrier lifetime [16, 19].

The vacancies and interstitials are unstable de-
fects due to their mobility in silicon at room tempera-
ture. Because of that, long-term isothermal annealing
at room temperature was used for this experiment.
During the long-term annealing process, the vacancies
move through the lattice forming more stable defects
like divacancies and vacancy-impurity complexes.
The annealing process rearranges defects formed by
radiation which results in a decreaseinthe effective-
ness of the damage over time. Moll [20] describes the
enhancement of the effective doping concentration for
longer annealing times.

The impact of high-energy radiation (by two dif-
ferent types, neutron, and gamma) on silicon solar
cells is much higher and creates more damage com-
pared to only one type of radiation. Ejected atom in a
crystalline lattice creates a vacancy. That atom could
stay at the interstitial position or it could be recom-
bined with the vacancy. Mobility of vacancies causes
their possible combining with impurities or other va-

cancies. As aresult, there has been a significant deteri-
oration of all solar cell parameters, figs. 1-5.

CONCLUSION

A change in the electric properties of solar cells
under successive neutron and gamma irradiation was
observed. Except for the fill factor, which showed rel-
atively steady values, the combination of those two
types of radiation caused deterioration of all solar cell
parameters: increasing series resistance and decreas-
ing parallel resistance, open-circuit voltage, short-cir-
cuit current, and efficiency. All of these effects are
mainly related to the minority carrier's lifetime [21].
The lifetime of minority carriers is sensitive to defects,
induced by the radiation, which mostly acts as recom-
bination points, and the decrease in the minority car-
rier lifetime reduced the parameters of the solar cells.
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Hejan C. HUKOJUW'h, Anekcanapa U. BACUHh-MUWJIOBAHOBUh

CYKIHECUBHO HEYTPOHCKO N TAMA O3PAYUBAILE U IbUXOB
YTULAJ HA KAPAKTEPUCTUKE COJAPHUX hEINJA

Wcenmranm cy edexkTH CyKIeCMBHOT HEYTPOHCKOI M rama 3padera Ha IapameTpe
KoMepLujanHux conapHux henuja. ConapHu aHe I Cy OUNIK U310KEHU HEYTPOHCKOM 3padesy, a HakKoH 30
llaHa oIopaBKa, rama 3pauemy. Cepuja Mepema napameTapa cojapHUX henuja mpegysera je y Luby
yTBpbUBama MOYy3aHOCTH CONIApHUX hennja y ycIoBHMa CYKIECHBHOT O3paudBam-a Pa3IMuUTHX BPCTa
3padema. [Tapamerpn comapaux henmja MepeHn cy mpe 1 Iocjie CBaKoT KOpaKa O3padnBarba W YOUEH je
npolec onopaska. CBpxa OBOT pajja je 1a mpukaxe eeKTe 1 HeyTPOHCKOT ¥ ramMa 3padetha Ha ICTU y30PaK
conapHse hennje.

Kmwyune peuu: conapru ilamnen, 2ama 3apaderse, HeYitipoHCKo 3payerse, I-U kapakitiepuciiuka, peoHa
OWIILOPHOCT, UApaseaHa OWUOPHOCI, HAOH UPA3HOZ X004, CIUpYja KpaiiKoz ciloja



