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1. INTRODUCTION

Faced with an alarming increase of energy consumption

Increased Temperature and Radiation
Damage Influence on Solar Cells
Characteristics

Possibilities for the application of solar systems based on photovoltaic
conversion of solar energy are very wide, primarily because of their
relatively low cost and very important fact that solar energy is most
acceptable source of electrical energy from the environmental point of
view. Solar cells, the basic elements for photovoltaic conversion of solar
energy, are especially susceptible to high temperatures and radiation
damage, primarily due to their large surface. Degradation of electrical
and optical characteristics of the solar cells as photo detectors in the
increased temperature conditions is one of the most important limitation
factors for their application. Since most of the electrical processes in
semiconductor devices depend, to some extent, on the temperature,
investigations at temperatures higher than room temperature may reveal
possible changes in output characteristics of the device. Also, the lifetime
of the solar cell is restricted by the degree of radiation damage that the
cell receives. This is an important factor that affects the performance of the
solar cell in practical applications. Introduction of radiation-induced
recombination centers reduces the minority carrier lifetime in the base
layer of the p-n junction increasing series the resistance, and lead to an
enormous increase of noise in solar cells. After very high doses of
radiation series resistance of the base layer could be so high that most of
the power generated by the device is dissipated by its own internal
resistance. The aim of this paper is to investigate the influence of high
temperature and radiation on output characteristics of solar cells as power
generators of the future.
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not suitable for high power consumers such as industrial

applications. Also, seasonal character of solar
irradiation  availability could be considered as

on one side, and very limiting amounts of available
conventional energy sources on the other, scientists
have turned to the most promising, renewable energy
sources. Photovoltaic (PV) conversion of solar energy is
one of the most up-to-date semiconductor technologies
that enables the application of PV systems for various
purposes [1]. Telecommunications, electrification of
small villages and remote areas such as national resorts
and forests, as well as military communications are just
a good example of the possibilities of PV system
applications.

Development of the PV modules also leads to their
utilization for lighting of indoor and out door spaces,
signalization, refrigeration, irrigation and home water
supply. As any other energy source, PV technology also
has some limitations and disadvantages. In the first
place, compared to some other sources, the efficiency of
PV modules (i.e. solar cells) is relatively small. This
means that photovoltaic conversion of solar energy is
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disadvantage, since energy storage presents some
difficulties in both technological and economical
aspects. But pollution free (sound) and environmentally
acceptable technology makes PV systems one of the
most promising renewable energy sources of electrical
energy, especially in rural regions.

Based on a good experience, PV systems are
nowadays used throughout the world for very different
applications. Besides the fact that this is a good example
of the application in isolated areas, it also presents the
possibility of combining low cost of maintenance with
pollution free and reliable technology. One other
advantage of PV systems is that they could be mobile,
together with the consumer.

Electricity provided by photovoltaics allows people
living in rural areas to enjoy advantages of urban areas
without leaving their traditional homes. Also, using
photovoltaics as building materials has many
advantages that are already applied in many developed
countries of Western Europe. For example, solar panels
cover the rooftops of a housing complex in Bremen,
Germany [2], simplifying power production by
eliminating many steps from extraction, processing, and
transport fuel to a power station and sending that power
over a great distance to electrify homes. Other
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advantages of photovoltaics include completely
renewable nature, environmentally benign construction,
absence of moving parts, modularity to meet any need
from miliwatts to gigawatts, and one of the most
important, readily available and permanent fuel source.

As the price of solar cells continue to drop, devices
run by solar cells become more diverse, and the
photovoltaic industry has experienced 20% annual
growth rate over the last decade [2]. Nevertheless,
photovoltaics are still not in the major league of power
production, and for achieving that goal further reduction
in their cost is necessary. The wider substitution of
conventional energies by solar energy lies in the rate of
developing solar cell technology. At present, most
photovoltaic material is made from silicon grown as
large cylindrical single crystals, and cutting cells only
300 or 400um thick from such bulky materials demands
excessive cutting, and half of the very expensive
starting materials are wasted. That is the reason why
many alternative manufacturing technologies are
currently investigated. Also, at the beginning of the 21st
century a novel approaches in investigations of
materials for PV conversion were developed.

Namely, there is a new type of organic photovoltaic
low cost solar cells based on the organic materials that
uses the process of photosynthesis in plants that leads to
photochemical processes. It is estimated that the
production cost of these cells will be between 10% and
20% of the cost of solar cells produced in conventional
way. Also, conducting and semiconducting polymers
are considered as possible materials for solar cell
production. New technologies in this field have given
great  contribution to the  development of
nanophotovoltaic cells with increased efficiency, such
as quantum dots.

However, silicon is still the most used element for
solar cell production, so efforts are directed to the
improvement of physical properties of silicon structures.

Silicon solar cells belong to a wide group of
semiconductor detector devises, though somewhat
specific in its design (larger than most of the detectors),
and that, together with the fact that they are directly
exposed to the solar radiation makes them especially
susceptible to the effect of the high temperature. For
higher temperatures, thermal noise is dominant and
significantly influences the detecting signal and output
characteristics. Since one of the most important
characteristics of detectors is their energy resolution that
primarily depends on noise, lowering noise is important
for obtaining good quality detectors.

Increased temperature influences all parts of a
semiconductor device, contact grid is also prone to
some changes, particularly because surface effects are
expected to be a major cause of 1/f noise. This is
especially significant for solar cells because of their
design (large surface to volume ratio), so materials for
front contact grid should be carefully chosen. It is
known that low frequency noise (1/f and burst noise) is
manifested as random fluctuation of the output current
or voltage, leading to lowering of the efficiency of the
device. Various experiments suggest [3,4] that the
origin of this noise is fluctuation of the number of free
charge carriers connected to the existence of the traps
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located in the vicinity or directly in the junction area, or
fluctuation of the mobility of charge carriers. In both
cases these fluctuations arise from the interactions of
carriers with defects, surface states and impurities that
are either introduced during manufacturing of the
device, or as a consequence of the hostile working
conditions (radiation, high temperature, humidity).

In order to function as a voltage generator with the
best possible performances, beside p-n junction other
thin films such as contact, antireflective, protective
(oxide) thin films must be applied both on the front and
on the back surface of solar cells. Because of the large
surface to volume ration, surface effects are expected to
be a major cause of 1/f noise, so good quality contacts
are of great importance.

Silicides belong to a very promising group of
materials with low resistivity and good temperature
stability that are used for fabrication of reliable and
reproducible contacts. Even so, surface effects such as
surface recombination fluctuations in carrier mobility,
concentration of surface states, etc., have great influence
on frequency dependent noise also in silicides. It has
been found [5, 6] that ion implantation of As+ ions in
the formation of the silicides could improve electrical
characteristics of silicides regarding their noise level.

Other most common source of noise that is
connected to the hostile working conditions is radiation.
For example, spent nuclear fuels also emit
simultaneously, in addition to y-rays, several neutrons,
so the semiconducting device (e.g., solar cell) placed in
the vicinity of these fuels sustains different kind of
radiation damage both from y-rays and from neutrons.
The lifetime of the solar cell is restricted by the degree
of radiation damage that the cell receives. This is an
important factor that affects the performance of the solar
cell in practical applications.

During the interaction with the material, radiation
could deposit a large amount of energy that could
induce various effects [7]. In semiconductors, for
example, defects produced by radiation are connected to
the localized energy states [8-10] that changes the
concentration and mobility of the charge carriers.
Namely, the main characteristic of semiconductors is a
wide range of change in the concentration of charge
carriers either due to existence of the impurities and
defects or increased temperature. Direct recombination
of the excess electrons and hole is a strictly forbidden
process and they usually annihilate in the localized
energy states in crystal. These are so called
recombination centers, and imperfections with deep or
multiple energy levels significantly stimulate the
process of recombination.

Radiation induced defects fulfill these requirements
and represent such recombination centers. The main
effect of the radiation is an increase of the saturation
current generated within or on the surface of the
depletion region. The permanent damage of the device
is caused by collisions of the incident radiation with the
atoms in the crystalline lattice, which could be displaced
from their positions, creating defect states [11,12].
Generation-recombination noise could be produced by
fluctuations in the density of charge carriers caused by
spontaneous fluctuations in the rate of generation,
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recombination and incidence of charge carriers. Also,
the diffusion noise could increase in such conditions as
a result of localized fluctuations both of the density of
charge carriers, and the rate of diffusion. In both cases,
these noises affect the level of the produced current.

Due to their wide range of application, solar cells are
exposed to various kinds of radiation in working
environment (cosmic rays, upper layers of the
atmosphere, military and civil nuclear facilities etc.) [6].
That is the reason why very comprehensive
investigations have been undertaken in order to develop
semiconducting devices that could reliably operate in
the conditions of the increased radiation [13-16]. From
the technological point of view it is very important to
establish changes in output characteristics of the device
(current, voltage, and efficiency) induced by the
radiation that affect their operation.

The main goal of this paper is to investigate the
influence of working conditions, especially high
temperature and radiation on the performance of the
solar cells as photovoltaic generators.

2. EXPERIMENTAL PROCEDURE

Investigations of temperature dependence of 1/f noise in
silicides were performed for TiN/Ti/Si samples. Ion
implantation with As+ ions, annealing and electrical
characterization were performed on the samples.
Implantation of arsenic was performed at 350 keV with
the dose range between 1x1015 ions/cm2 to 1x1016
ions/cm2. Thermal treatment for all samples was
performed at different temperatures for 20 min. The
distinction of these measurements compared to other of
this type is that they were based on the temperature
dependence of the noise level in silicides for two
temperatures: 21°C and 50°C. Noise level measurements
were performed with the measurement equipment
consisting of the multichannel analyzer ND-100, low
noise pre-amplifier, and amplifier (standard ORTEC
equipment). MAESTRO II code was used for automatic
energy calibration.

For the effects of radiation, experimental
measurements were performed on monocrystalline,
nonencapsulated Si solar cell manufactured by Siemens.
Current-voltage data were used for the characterization
of the properties of solar cells. Standard measurement
equipment was used to measure I-V curve under two
different illumination levels (32 W/m2 and 58 W/m2).
Reflective lamp was used as a solar simulator. From the
obtained curves, all relevant parameters were obtained.

All samples were irradiated with gamma radiation.
Before and after every step of the irradiation, current-
voltage characteristics of the diodes were measured in
highly controlled conditions at room temperature with
combined measurement uncertainty less than 5%. One
group of solar cells were irradiated with Co60 gamma
source with different doses. Irradiation was performed
through glass in controlled environment.

3. RESULTS AND DISCUSSION

Temperature dependence of 1/f noise in silicides
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Though it is expected that thermal noise is dominant
in the increased temperature conditions, other types of
noises especially frequency dependent generation-
recombination noise, burst noise and 1/f noise increase
with the increase of the temperature. All of the effects
that could lead to an increase of the 1/f noise
(fluctuation of the number of free charge carriers and/or
fluctuations in their mobility) are more pronounced
when the device is exposed to high temperature
conditions, since in those conditions defects, surface
states and impurities that act as traps for charge carriers
could be in addition thermally activated. On the other
hand, since all dynamic processes in semiconductor
devices are temperature-dependent, investigations of
temperature dependence of 1/f noise is very important
for the performance of any device.

As it was expected, an increase in 1/f noise was also
observed in this paper. Spectra of frequency dependent
noise at lower (21°C) and higher (50°C) temperature are
shown in Figures 1 and 2, respectively. Although
proved to be stable and reliable as contacts, inherent
presence of defects and impurities in the basic material
of the silicides could, during time, produce some
negative effects. This is specially emphasized if those
states are located within the energy gap and are
activated during work in hostile conditions such as
increased temperature. In such a case they become traps
for electron-hole pairs, and thus decrease the number of
collected charge carriers, producing noise in the device.
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Fig. 1. Frequency noise level of two implanted and one
unimplanted sample at 21°C.

Increase of noise level with the increase of
temperature is significant, especially when solar cells
are concerned, due to specific working conditions
(exposure to the solar radiation and inevitable increase
of the temperature as a consequence - up to 40°C in the
first 2-3 minutes of work).

Many output characteristics of solar cells, primarilly
open circuit voltage (Vo) and maximum power point
voltage (V) decrease very rapidly when solar cells are
exposed to the sun (0V,/0T~ 2.5 mV/°C). This voltage
decrease has great influence on the efficiency of solar
cells.

Since temperature stability presents one of the most
important characteristics of photovoltaic and any other
semiconducting device, a large number of investigations
were pointed in that direction.
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Fig. 2. Frequency noise level of two implanted and one
unimplanted sample at 50°C.

When silicides, as an important part of the front
contact grid are concerned, many authors in their
investigation discuss the problem related to the
application of ion beam mixing of As+ ions for the
formation of silicides [5,6]. Although introduction of
As+ ions and their diffusion could change impurity
concentration resulting in an increased noise level
(especially for 1/f noise) in the structure, careful
optimization of the implantation dose and subsequent
thermal treatment such as annealing could result in the
formation of stable contacts with a low noise level.

Every step of the silicides fabrication including the
preparation of Si substartes, deposition of metal layer
(Pd, Ti, and TiN, for example), As' ion implantation,
and annealing must be taken into consideration in order
to achieve the best possible result. Such a process was
investigated in this paper for TiN/Ti/Si samples, and it
was found that 1/f noise could be, to some extent,
stabilized by controlled ion implantation, as could be
seen in Fig. 1 and 2. Structural RBS analyses have
shown that ion implantation did not induce
redistribution of components for lower implantation
doses, but for higher doses of implantation (1x10'
ions/cm?) a disordered structure was registered, and also
higher level of noise.

This temperature dependent measurements indicate
very important fact that ion implantation could provide
temperature stability of silicides regarding 1/f noise.
Namely, from Fig. 1 and 2 it could be seen that samples
implanted with doses of 5x10"jons/cm® had lowest
noise level and very good temperature stability, so it
could be said that this dose of implantation induce a
more homogeneous silicidation and the formation of Ti-
Si phase with a lower concentration of crystal defects
(after annealing). Also, previous results have shown [5]
that the noise level was lowest for the samples
implanted after annealing. This suggests that thermal
treatment induce relaxation of crystal lattice and
improvement of the crystal structure of the silicides.
This could lead to an improvement of -electrical
characteristics of silicides and devices based on silicides
as contacts (for example, solar cells).

Radiation effects

When radiation effects are concerned, during
interaction of y radiarion with the device, and depending
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on the radiation energy, primarilly three effects could
occur: photoelectric effect, Compton effect, and
electron-hole creation. In all of these processe, absorbed
photon energy causes ionization and excitation of the
created electrons, with the electron-hole creation. These
effects lead to the generation of parasitic charge (noise)
collected in the depletion region.

Also, ionization effects could produce recombination
centers in the energy gap. In silicon, all of these effects
could be permanent or quasi-permanent, and in solar
cells produce the decrease in all output characteristics.
From the standpoint of the energy production, two main
output charateristisc of solar cells are maximum power
point Py, and efficiency 7. As could be seen from Fig.3
(the dependence of maximum power (Pn) on doses for
two illumination levels), gamma radiation produces an
inevitable decrease in the Pp,.
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Fig. 3. Dependence of the maximum power on doses
(gamma irradiation).

Besides expected decrease of the output
characteristics with an increase of doses, for higher
illumination level a slight increase of Pm was observed.
This increase is very significant from the standpoint of
solar cell as a power generator, because it indicates
possible beneficent influence of low doses of
irradiation.
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Fig. 4. Dependence of the efficiency on doses (gamma
irradiation).
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It could be explained by the fact that during the
fabrication processes, structural defects and impurities
that were unavoidably made, produce tension in the
crystal lattice. Interaction of irradiation with such a
material could act similarly to annealing, relaxing lattice
structure and decreasing series resistance, ultimately
leading to the increase of the efficiency (Fig.4).

4. CONCLUSION

Single element optical detectors such as solar cells and
photodiodes are the final component needed for
communications or optical information processing
systems. Since one of the major performance limitations
of solar cells is the degradation of their electrical and
optical characteristics in the increased temperature
conditions and in radiation environment, measurements
and lowering of noise level are very important for
improvement of solar cells characteristics.The First part
of the paper was oriented to the frequency dependent 1/f
noise in contacts, since temperature increase induces a
higher level of noise. It was established that both
physical and electrical properties of used silicides are
influenced by the implantation doses. But the results of
frequency noise measurements indicate that ion
implantation could successfully be applied in order to
achieve a more homogeneous silicidation and very good
temperature stability, if carefully optimized dose was
used.

Effects of gamma irradiation on solar cells have
shown, that, though commonly referred to as a source of
noise in semiconducting devices, that radiation induced
effects could have in some cases positive effect on the
main electrical characteristics (Pm, m). Nevertheless,
permanent monitoring of the relevant solar cell
characteristics when working in hostile conditions is
very important, since performance failure could have
negative impact both on the financial and environmental
aspects of the device application.
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YTHULHAJ IOBUIIEHE TEMIIEPATYPE U
PAINJALIMOHUX OITEREILA HA
KAPAKTEPUCTHUKE COJIAPHUX REJINJA

Aunexcanapa Bacuh-MujioBanoBuh
MoryhHOoCTH TpUMeEHE COJAapHUX CHCTeMa Oa3hpaHHX

Ha (POTOHAMOHCKO] KOHBEP3UjH COJIAPHE CHEPrHje Cy
BeOMa IMHMPOKe, MPBEHCTBEHO 300T IEHE PENATHBHO
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HHCKE LIEHEe, Ka0 ¥ BeOMa BaXKHE YMILCHUIIE Aa COlapHa
€Hepruja TMpeicTaBlba  HAjUPUXBAPJBUBHJH  H3BOP
CJIEKTPUYHE EHepruje ca CTAHOBHUINTA  3alITUTE
yoBekoBe okonuHe. ConapHe hemije, OCHOBHH €JIeMEHT
KOHBEp3Hje COJNIapHE EHEepruje Cy NoceOHO OCeTJbUBE Ha
MOBHIICHY TEMIIEpaTypy W pandjanuoHa omrehema,
IMPBEHCTBCHO 36OF HBHUXO0BC BCJIIMKC TMOBPIIKUHE.
Herpananuja CIIEKTPUIHHUX u ONTHYKUX
KapakTeprCTHKa colapHuX henuja kao GoTo rerekropa
y yCIOBHMa IIOBHIIEHE TEMIIEpaType je jedaH of
HajBOKHMUjUX orpaHuuaBajyhux ¢akropa 3a HBHXOBY
npumeny. C o03upoM Ha To 1a BehwHa eneKTpHUYHHX
mpoiieca y HoJyNpoBOJHUYKUM ypehajuma, y n3BecHO]
MepH 3aBHCH OJ TeMIepaType, HCTpaXHBamba Ha
TeMIepaTypamMa BHUIIMM O]l COOHE MOTY Ila OTKpHjy
Moryhe IpoMeHe M3Ja3HHMX KapakTepucTuka ypehaja.
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Takohe, pagHu Bek conapue henuje je orpaHuueH
cTerieHOM paaujanuoHnx omrehema. To je 3Baudajan
(dakTtop Koju yTHuYe Ha pax cojapHe hemmje y
MPaKTHYHO]  TpHUMEHH.  YBohewme  paaujarmjom
MHJYKOBaHMX PEKOMOMHALIMOHUX LIEHTapa cMambyje ce
BpeMe JKMBOTAa HOCWIana y 0a3HOM CJOjy p-n cmoja
nosehaBajyhn peaHy OTHOpPHOCT, IITO JIOBOAM JIO
M3pa3UTor TopacTa mrymMa kox conapaux henmja. [Tocme
NPUMJbEHHX BEOMa BEJIMKUX JI03a 3padera, peaHa
OTIIOPHOCT 0a3HOT CJI0ja MOKE OMTH TOJNHKO BEJHKA Ja
Behu neo cHare Kojy ypehaj mpomsBene moxe na ce
JVCUIIMPA  FETOBOM  COINCTBEHOM  YHYTpallboM
ornopromhy. Iluse oBor pasa je na mpoydyu yTHUIA]
MOBUIIIEHE TEMIIepaType | 3padema Ha H3JIa3He
KapaKTepUCTUKE COJIapHHX henmja Kao eHepreTckor
n3Bopa Oyayhnoctu.
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