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The growing need for obtaining electrical energy through renewable energy sources such as
solar energy have lead to significant technological developments in the production of the basic
element of PV conversion, the solar cell. Basically, a solar cell is a p-n junction whose charac-
teristics have a great influence on its output parameters, primarily efficiency. Defects and im-
purities in the basic material, especially if located within the energy gap, may be activated dur-
ing its lifetime, becoming traps for optically produced electron-hole pairs and, thus,
decreasing the output power of the cell. All of the said effects could be induced in many ways
over a lifetime of a solar cell and are consistent with the effects that radiation produces in
semiconductor devices. The aim of this paper is to investigate changes in the main characteris-
tics of solar cells, such as efficiency, output current and power, due to the exposure of solar
systems to different (hostile) radiation environments.
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INTRODUCTION

The fundamental “structural” element of solar
(PV) systems, the solar cell, is usually based on the p-n
junction device that, exposed to solar radiation, gives
power as its output characteristic. Due to the unavoid-
able market competitiveness with conventional energy
sources, PV technology is oriented towards the produc-
tion of high efficiency solar cells that could produce
more energy and, thus, serve as a feasible renewable en-
ergy source of the future. Ongoing research is focused
on the effects of the defects and impurities that influ-
ence the main parameters, such as the lifetime of charge
carriers, better understanding of transport processes,
the creation of electron-hole pairs, efc. [1-4]. Analytical
connections between fundamental and output charac-
teristics of solar cells are a matter of theoretical analysis,
but experimentally obtained results are more complex
than theoretical suppositions. Both in the production of
solar cells and their performance, the distribution of
dopants, impurities, and especially, defects, is usually
not uniform and predictable and could, thus, directly in-
fluence the processes taking place in the cells them-
selves. The empirically obtained influence of funda-
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mental parameters is usually mathematically defined by
the formal introduction of the ideality factor, n, in the
exponent of the current — voltage characteristics of solar
cells. The said ideality factor combines all the variations
of the current flow of the ideal case, induced by various
internal and external influences of physical parameters
of the manufacturing process, or those which are a con-
sequence of aging. It has already been established [5, 6]
that an increase in the ideality factor has a substantial
negative influence on the output characteristics of solar
cells, primarily on the fill factor and efficiency. The
main characteristics of a solar cell are its efficiency, 7,
open circuit voltage, V., short circuit current, J,, maxi-
mum power, P, and fill factor, ff. These parameters
strongly depend on the fundamental parameters of a
real solar cell (or, on a real p-n junction in general), such
as the series and parallel (shunt) resistance (R and R,),
ideality factor (n) and saturation current density (J).
The changes in these solar cell parameters caused by the
process of aging are consistent with radiation induced
effects in semiconductor devices.

Due to their wide area of application, solar cells
are often exposed to a variety of radiation effects (nat-
ural space environment, atmospheric environment,
military and civil nuclear environment). Since spent
nuclear fuels, in addition, simultaneously emit gamma
rays, several neutrons, semiconductor devices such as
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solar cells, when placed in the vicinity of these fuels,
sustain different kinds of radiation damage, both from
gamma and neutron irradiation. Therefore, extensive
studies on the development of semiconductor devices
that could operate normally in a radiation environment
have been carried out. The conclusion reached was
that radiation induced defects significantly degrade
the performance of photo detectors and solar cells
[7-10]. From a technological point of view, it is impor-
tant to study the variations induced by the irradiation
of semiconductor junction characteristic parameters
(reverse saturation current, ideality factor efc.) that af-
fect the performance of the solar cells.

The aim of this paper is to investigate changes in
the main characteristics of solar cells, such as effi-
ciency, output current and power, due to the exposure
of solar systems to different (hostile) radiation envi-
ronments.

THEORETICAL ANALYSIS

Output characteristics of all semiconductor
devices are primarily defined by fundamental pa-
rameters (resistance, lifetime and mobility of charge
carriers, diffusion length, etc.), and processes in
them. In polycrystalline and monocrystalline solar
cells, the inherent presence of defects and impurities
in the basic material could, over time, produce cer-
tain negative effects. This is especially emphasized
if those states are located within the energy gap and
are activated during use. In such a case, they become
traps for optically produced electron-hole pairs and
thus decrease the number of collected charge carri-
ers. Macroscopically, this effect may be observed as
a decrease in the output current and voltage and,
might, ultimately, lead to the decrease of the effi-
ciency of the solar cell. Lower values of the
short-circuit current indicate the existence of re-
combination centers that decrease the mobility and
diffusion length of charge carriers, making recombi-
nation in the depletion region a dominant mode of
transport in such solar cells. Also, voltage decrease
in the maximum power point (£,,) has a great influ-
ence on efficiency. One of the main reasons for this
decrease is the increase of the ideality factor, so it
can be said that the influence of the ideality factor on
solar cell efficiency is through voltage. A set of ex-
perimentally obtained n = f(n) dependencies for dif-
ferent solar cells is shown in fig. 1.

All of these effects could be induced in many
ways over a lifetime of a solar cell (optically, by tem-
perature changes in the environment, efc.), and are
consistent with the effects that radiation produces in
the semiconductor devices. Many experiments have
shown that the short-circuit current and output power
decrease gradually with the increase in the radiation
dose [10-14], while the open circuit voltage can be se-
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Figure 1. Dependence of efficiency on the ideality factor

verely degraded even at low doses [ 14]. The change in
the short-circuit current was mainly related to the life-
time of minority carriers, the change in the open circuit
voltage, to the damage of p-n junctions. The presence
of impurity atoms that are either added to the base ma-
terial as donors or during the manufacturing process,
has indicated the possibility that some of the produced
electrons might be trapped by those atoms between the
valence and conduction band [15-17]. Therefore, the
power output of the solar cells exposed to yradiation is
also reduced.

EXPERIMENTAL PROCEDURE

All experimental measurements were performed
on monocrystalline, non-encapsulated Si solar cells
manufactured by Siemens. Current-voltage data were
used for the characterization of their properties. Stan-
dard measurement equipment was used to measure the
I-V curve under two different illumination levels (32
W/m? and 58 W/m?). A reflective lamp was used as a
solar simulator. From the obtained curves, all relevant
parameters were obtained.

Two types of radiation (gamma and neutron)
were used for the measurements. Before and after each
step of the irradiation, current-voltage characteristics
of the diodes were measured in highly controlled con-
ditions, at room temperature, with combined measure-
ment uncertainty less than 5% [18-21]. One group of
solar cells were irradiated with a ®°Co gamma source
with different doses. The irradiation was performed
through glass, in a controlled environment. Another
group of solar cells were irradiated with a Pu-Be point
neutron source. This point source is a mixture of 2**Pu,
with beryllium as a good source of neutrons (through a
nuclear reaction in which Be absorbs an alpha particle
from Pu and forms '2C, with the emission of a neu-
tron). A direct contact of the samples and the source
was established, and the maximum dose rate was es-
tablished as dD/df = 0.36 mGy/h.
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RESULTS AND DISCUSSION

As is known, depending on the energy of gamma
rays, their interaction with the material is through the
photoelectric and Compton effects that may produce
ionization induced changes in the material. These
changes usually result in an increase of the surface re-
combination velocity and the density of surface states.
If those states correspond to deep energy levels in the
silicon energy gap, they act as efficient surface
recombination centers for charge carriers. The
generation of electron-hole pairs due to ionization ef-
fects usually results in the generation and increase of
noise and the minimum signal that can be detected. All
of these effects lead to the decrease of the output
current, as can be seen in fig. 2, for the current at the
maximum power point (J,,)).

Similar behaviour could be observed in the de-
pendence of maximum power (P,) on doses for the
two illumination levels (fig. 3).

Besides the expected decrease of the output character-
istics with an increase in doses, a slight increase of J,, and
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Figure 2. Dependence of the current at the maximum
power point on doses (gamma irradiation)
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Figure 3. Dependence of the maximum power on doses
(gamma irradiation)

P, was detected at the higher illumination level. This
increase is very significant from the standpoint of so-
lar cells as power generators, because it indicates a
possible beneficial influence of low doses of irradia-
tion.

Apossible explanation could be the fact that dur-
ing the fabrication processes, unavoidable structural
defects and impurities produce tension in the crystal
lattice. The interaction of irradiation with such a mate-
rial could act similarly to annealing, relaxing the lat-
tice structure and decreasing the series resistance, ulti-
mately leading to a increase in efficiency (fig. 4).
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Figure 4. Dependence of efficiency on doses
(gamma irradiation)

Charge carrier lifetime decreases due to radia-
tion damage induced by neutrons, causes the degrada-
tion of electrical parameters of the cell such as series
resistance (R,), output power and, finally, efficiency
(7). A high level of series resistance usually indicates
the presence of impurity atoms and defects localized in
the depletion region, acting as traps for recombination
or tunneling effects, increasing the dark current of the
cell. Moreover, shallow recombination centers in the
vicinity of the conducting zone enhance the tunneling
effect, further degrading the output characteristics of
the cell by increasing the noise level (especially that of
burst noise, connected to the presence of an excess
current).

Such a negative impact of neutron radiation was
observed at a higher illumination level, as can be seen
in fig. 5

But, an interesting phenomenon — an increase of
the maximum power — was observed for lower values
of illumination. (Different behaviors for different illu-
mination levels are due to the presence of finite series
and parallel resistance in the cell.)

A possible explanation for the observed effect
could be similar to that of gamma irradiation, namely:
small doses of radiation may produce a decrease in se-
ries resistance. Subsequently, this will lead to a lower-
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A dation of the cell‘s parameters. Many experiments
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4.5+ s W) gradually with the increase of the radiation dose. How-
pra ever, though commonly referred to as a source of noise
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Figure 5. Dependence of the maximum power
on doses (neutrons)

ing of the noise level and an increase in the output cur-
rent since, as is well known, high series resistance of a
solar cell is one of the main limiting factors of its effi-
ciency.

Finally, the improvement of output characteris-
tics after the first irradiation step at the low illumina-
tion level has also been registered for efficiency, fig. 6.
Although higher doses of neutron radiation undoubt-
edly have a negative impact on the performance of
solar cells, observed phenomena offer possibilities for
the use of radiation as a means in improving solar cell
characteristics.
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Figure 6. Dependence of efficiency on doses (neutrons)

CONCLUSIONS

Solar cells, the basic elements of the photovol-
taic conversion of solar energy, are especially suscep-
tible to radiation damage, primarily due to their large
surface. Permanent damage in solar cell material is
caused by the collision of incident radiation particles
with the atoms in the crystalline lattice. The resulting
defects degrade the transport properties of the material
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Paposan /b. PATOCAB/BEBHUh, Anekcanapa U. BACh

YTULAJ 3PAYEIbA HA COJJIAPHE RE/IMJE KAO
OOTOHAIIOHCKE TEHEPATOPE

Pactyha HOTpe6a 3a 11061/1jaH>eM CJICKTPHIHE eHepruje n3 OOHOBJLUBUX U3BOpPA SHEPruje Kao
WITO je CyHYeBa CHEpruja, AoBeja je N0 3HAYajHOT TeXHONOIIKOT Pa3Boja y MPOM3BOMLM OCHOBHOT
eJIeMeHTa (bOTOHaHOHCKe KOHBEpSI/I]e conapae hemmje. Conapra henmja je y OCHOBH p-n CIoj umje
KapaKTepUCTUKE MMajy BEJIMKY YTUIIA] Ha U3JIa3HE MapaMeTpe, IPBEHCTBEHO Ha edpukacHocT. [ledperTn u
HeuncTohe y OCHOBHOM MaTepHjally, MOceOHO ako ce Halase YHyTap eHepreTCKOT Mpolena, MOTy TOKOM
paja fa ce akKTHBHUPA]jy, MOCTajyhu 3aMKe 3a ONTUYKY FeHEPHUCaHe MapoBe eEKTPOH-NIYIUbIHA U HA Taj
Ha4WH cMawyjyhu m3nasny cHary hennja. CBu HaBeileHU €(DEKTH MOTY OUTH POY3POKOBAHM HA PA3THINTE
HayMHE TOKOM pajia colapHux henwja u y ckyagy cy ca edekTUMa KOje MPOU3BOAM 3pavucHme y
MOJIYNPOBOTHUYKIM ypebajuma. Llmib oBOr pama je ma ce uCTpaxXe NPOMEHE TIJIaBHUX W3JIa3HUX
KapaKTepUCTUKa COJIapHMUX helnja, Kao MITO je e(puKacHOCT, U3JIa3Ha CTPyja M CHara, HacTaje YyCief
n3larama CONIAPHUX CHCTEMa Pa3IMIUuTAM PaJiijalliOHAM OKPYKEIhIMa.

Kwyune peuu: uzaasna cnaza, coaapra heauja, paoujayuono okpyicerbe, 003a, epuKacHOCl



