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ABSTRACT 

 

   This work explores the effects of 
60

Co and 
137

Cs γ-irradiation on the 

Photovoltaic parameters of mono-crystalline silicon solar cells. Two suitable 

(light source- solar cell) geometry were instrumented. They consist of a halogen 

lamp of 500W power and 100mW.cm
-2

 light intensity, and a mono-crystalline 

silicon solar cell with an active area of 10cm×5cm for each geometry. At room 

temperature, the forward bias (I-V) and (P-V) characteristics were determined 

under illumination, before and after irradiation with different 
60

Co γ-exposure 

doses; 532 mR, 1064 mR and 1596mR, for the first solar cell and different 
137

Cs 

γ-exposure doses; 280 mR, 560 mR and 837mR for the second cell for 1hr,2hrs, 

3hrs , respectively. The results demonstrated that γ-exposure doses have a 

significant effect on the photovoltaic parameters and it controls the quality and 

performance of the solar cell. The open circuit voltage (Voc), short circuit current 

(Isc), maximum output power (Pm), fill factor (FF) and efficiency (η) are found to 

be decreased with different gamma exposure doses.  

For 
60

Co γ-exposure the Vm values were decreased by 0.4%, 2.9% and 9%, 

respectively while Im values were deteriorated by 9.7%, 12% and 17.5%, 

respectively. Consequently, the Pm values were deteriorated by approximately by 

10%, 14.5% and 24.9%, respectively. The Voc and Isc values were deteriorated by 
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approximately by 1.5%, 2.2% and 3% for Voc, and 3%, 6% and 11.9% for Isc, 

respectively.  

On the other hand, the FF values were deteriorated by approximately 5.9%, 7.1% 

and 12.2%, while the η values deteriorated by 9%, 13.4% and 24% respectively. 

Similarly For 
137

Cs γ-exposure the Vm values were decreased by 0.4%, 2.9% and 

9%, respectively while Im values were deteriorated by 7.9%, 10.1% and 13.3%, 

respectively.  

Consequently, the Pm values were deteriorated by approximately 8.3%, 12.8% and 

21%, respectively. The Voc  and  Isc values were deteriorated by approximately 

0.9%, 1.6% and 2%  for Voc, and  2%, 5% and 10.9 % for Isc, respectively. On the 

other hand, the FF values were deteriorated by approximately 5.5%, 6.8% and 

9.7%, while the η values deteriorated by 7.1 %, 11.7% and 20.2% respectively.  

When  the  reduction of the  I-V  characteristics caused by 
60

Co γ-ray photons were  

compared  with  those  caused  by 
137

Cs γ-ray  photons  at  the  same  acquisition time          

(1,2,3 hours) , it  was  found  that  the  Vmp  reduction  caused  by 
60

Co γ-ray photons 

exceeds that of 
137

Cs γ-ray photons by 0.04% , 0.0001 % , 0.001% respectively .while 

the Imp  reduction  caused  by  
60

Co γ-ray  photons  exceeds  that  of 
137

Cs γ-ray  

photons  by 1.96% , 2 % , 4.9 % respectively . 

On   the other  hand  when  comparing  the  P-V  reduction caused by 
60

Co γ-ray 

photons with that caused by 
137

Cs γ-ray photons at the same acquisition time (1,2,3 
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hours) for both sources, it was found that the Pmp reduction caused by 
60

Co γ-ray 

photons exceeds that of 
137

Cs γ-ray photons by 2% 1.9%  and 4.7% respectively .This 

may attribute to the fact that the average energy of 
60

Co (1.25 MeV) is higher than the 

energy of 
137

Cs (0.662 Mev). 

The results re-confirmed the deterioration effect of induced 
60

Co and
137

Cs γ 

displacement damage on the photovoltaic parameters of mc-Si solar cell  
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 مستخلصال
 

( ىذساسح ذاثيش أشعح  =79و سيضيىً  6>) مىتاىد  ٍشعيِ سرخذاً ٍصذسيِإذٌ  حفي هزٓ الاطشوح

 اىثيىسج .  ريأحادي يريِشَسي ريِغاٍا عيي أداء ومفاءج خيي

, >?;mR7و  :>mR;98 ,mR76, 6>-جشعاخ ٍخريفح ٍِ اىنىتاىدت ذشعيع اىخييح اىشَسيح الاوىىذٌ 

 حىَذج ساع =mR>9و  mR8>6 , mR;<6, =79-جشعاخ ٍخريفح ٍِ اىسيضيىًوذشعيع اىخييح اىثاّيح ت

عْذ ىيخييريِ   I-V , P-Vذحذيذ خصائص الاّحياص الاٍاٍي وذٌ   . ىاىرىاى ى, ساعراُ وثلاز ساعاخ عي

  .دسجح حشاسج اىغشفح قثو وتعذ اىرشعيع 

ّها ذرحنٌ في جىدج أيي اىخصائص اىنهشتيح ىيخييح اىشَسيح وشعح غاٍا ذاثيش مثيش علأأظهشخ اىْرائج أُ 

 , 0.4تْسثح%     Vm وجذ أُ هْاك إّخفاض حذز في قيٌ عذ ذشعيع اىخييح الاوىىت اىشَسيح حوأداء اىخلاي

 , =.?%  تْسثح Imاىرىاىي ومزىل إّخفضد قيَح  ىساعاخ عي 7,9,8تعذ اىرشعيع ىَذج   ?و% ?.%8 

 Isc قيٌ   فضدخمَا إّ  ?.:8و% ;.:7%  , 76%  تْسثح Pmاىرىاىي ,وقيٌ اه  ىعي ;.=7%و 78 %

Voc % ىو  9% و  8.8%  , ;.7تْسة ٍخريفح Voc   ىو  %?.77% و>% , 9وIsc   تالاضافح اىي .

 تْسثح  FF , فقذ إّخفضد قيٌ اه جو اىنفاء  Fill Factor رىل أظهشخ اىْرائج إّخفاض ٍيحىظ في قيٌ اه

%  ,  ? % تْسثح جىرىاىي, تيَْا إّخفضد قيٌ اىنفاءىيجشعاخ اىثلاز عيي ا 78.8% و 7.=%  , ?.;% 

 .تَصذس اىنىتاىد % تعذ اىرشعيع:8% و :.79

إّخفاض  في  =79ذشعيع اىخييح اىشَسيح اىثاّيح تاشعح غاٍا ٍِ ٍصذس اىسيضيىً تعذ  مزىل تيْد اىْرائج

ساعاخ عيي اىرىاىي ومزىل إّخفضد  7,9,8اىرشعيع ىَذج تعذ   ?و% ?.8%  , 0.4تْسثح %    Vmقيٌ 

% <.78% , 9.<تْسثح  Pmاىرىاىي ,  وقيٌ اه  ىعي 13.4و% 10.1%  , 7.9تْسثح % Imقيٌ في 

 و ;, % 8و%   Voc ىو 2و% 1.6%  , 0,9%  , تْسة ٍخريفح Isc Voc قيٌ   مَا إّحفضد  .87.7و%

,  جو اىنفاء  Fill Factor . تالاضافح اىي رىل أظهشخ اىْرائج إّخفاض ٍيحىظ في قيٌ اه  Iscىو  ?.%76

ىرىاىي, تيَْا إّخفضد ا ىىيجشعاخ اىثلاز عي 9.7و% 6.8, % 5.5تْسثح%   FF فقذ إّخفضد قيٌ اه

 تعذ اىرشعيع. 20. 8و% 11.7%  , 7.7تْسثح % جقيٌ اىنفاء

 

قيٌ اىجهذ واىرياس واىطاقح ىيخييح اىشَسيح الأوىى  تعذ اىرشعيع  وعْذٍا قىسّد ّرائج الاّخفاض في 

تاىنىتاىد تالاّخفاض في قيٌ اىجهذ واىرياس واىطاقح اىْاذج عِ ذشعيع اىخييح اىثاّيح تاىسيضيىً وجذ أُ 
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 ,,  %0.04يفىق الاّخفاض في قيَح اىجهذ ىيخييح اىثاّيح ب  خفاض في قيَح اىجهذ ىيخييح الاوىىالاّ

عيي اىرىاىي , مَا وجذ أُ الاّخفاض في قيٌ اىرياس ىيخييح الاوىى يفىق  0.001% % 0.0001

وجذ أُ وتاىَثو  عيي اىرىاىي . % 4.9  , % 2 ,  %1.96الاّخفاض في قيَح اىرياس ىيخييح اىثاّيح ب 

   %2 ىيخييح اىثاّيح ب طاقحيفىق الاّخفاض في قيَح اى طاقح ىيخييح الاوىىالاّخفاض في قيَح اى

 عيي اىرىاىي . 4.7%   1.9%

 تهزا فقذ امذخ اىْرائج ثاثيش أشعح غاٍا عيي ذذهىس جىدج أداء اىخلايا اىشَسيح اىسييينىّيح , مَا أمذخ

 الإشعاعيح اىري ذسرقثيها اىخييح اىشَسيح . حإسذثاط هزا اىراثيش تنَيح اىجشع
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Chapter One 

Introduction 

1.1. Introduction 

  Many different semiconductor materials can potentially be used to make 

solar cells. However, when a high efficiency is required, the choice of the 

material becomes restricted to Si, GaAs, InP and GaInP alloys and related 

hetero structures. This is because only these materials can be grown with a 

good crystalline quality, controlled impurity content and a large enough 

lifetimes. Si, GaAs and GaInP possess also the overwhelming advantage of a 

sufficiently well-mastered technology. The study of radiation induced 

degradation of solar cells, being in practice only interesting for space 

applications, is of course restricted to the high-efficiency materials. For this 

reason, in the research involved in this work, we only consider the defects 

induced in Si-based solar cells currently used to make space solar power 

systems.  Mono-crystalline silicon (mc-Si) solar cell is a part of silicon based 

solar cell family and one of the first developed and mostly used solar cells 

because it has a number of advantages like low maintenance cost, high 

reliability, noiseless and eco-friendly [1,2]. Conventional mc-Si solar cells 

generally exhibit good spectral response to visible radiation, which occupies 

the 400-800 nm wavelength region of the electromagnetic spectrum. 
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 However, mc-Si solar cells are extremely sensitive to high-level radiation such 

as 
60

 Co and 
137

 Cs γ-ray photons. Several studies have reported the degradation 

of photovoltaic parameters for mc-Si solar cells under 
60

 Co γ-irradiation [3,4]. 

For this we recall the mechanism of defect production in these semiconductors 

materials by gamma photon irradiation. The defects are to be evaluated by 

carrying out experimental measurements and to evaluate the Direct Ionizing 

Radiation Damage by evaluating the I-V characteristics of the solar units under 

test.  

 

1.2. Statement of the Problem 

Solar cells are the basis of nearly all space power systems. The space market 

for commercial communications as well as military and scientific applications 

is driving a rapid development of new solar cells technologies to provide 

increased power. 

However, the space environment is a dynamic mixture of different space 

energetic particles, these particles enter the space solar cells and cause defects 

as they pass through and are slowed down. These defects can lead to a possible 

degradation of the electrical performance of the solar cell, which could have 

negative impact on both the financial and environmental aspects of the solar 

cell application.  
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This work is exploring such effects by addressing the impact of 
60

Co and  

137
Cs gamma-ray photons on the electrical performance of mono-crystalline 

silicon solar cells.  

 

1.3 Previous Studies 

During the previous decades, many researchers tested various optoelectronic 

devices and published the results of their researches [3–10].  

R.J.Walters and S.R.Messenger showed that when irradiating InP solar cells 

with charged particles (1MeV electron, 3MeV proton), changes in diffusion  

current occurs. Junga FA and Enslow GM concluded that any change in carriers 

lifetime and mobility due to irradiation of gamma photons and neutrons will 

affect the performance of silicon solar cells. Moreover R.Radosavljevic and 

A.Vasic showed that the output current and output power of solar cells decreases 

when the solar cell gets exposed to different radiation enviroments.     

When gamma rays interact with material, two types of radiation damage effects 

occur, displacement damage and ionization effects. 

Ionization effect is the generation of electron-hole pairs within the material 

which can be caused by either Photoelectric effect, Compton scattering, or pair 

production where they eject electrons from the atoms of the material.  

These ejected electrons can create secondary reactions. The result is a track of 

ionized atoms in the bulk of the material. The second effect is atomic 

displacement which is known as the movement of atoms from their normal 

position in the lattice to another placement, causing a defect in the lattice 
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material.  

Sometimes the atom receives so much kinetic energy at the site of interaction 

that it leaves its initial location in the material. This displacement creates 

additional atomic movement on its track that may result in a cluster of defects 

into the atomic lattice. The immediate and long-term results of ionization and 

atomic displacement strongly depend on the material. 

After electron-hole generations, electrons and holes travel in the bulk under the 

influence of the local electric field. 

The mobility of electrons is much higher than the mobility of holes, but both 

charge carriers may get into defects of the lattice called traps. Charge carriers 

accumulate around traps and create a local charge build-up. These traps can be 

single point defects or a mismatch of interface surfaces [11,12]. High-energy 

photons give rise to clusters of defects and low-energy photons only produce 

single point defects. The interstitial atoms are not such electrically active as a 

complex of defects. Defects introduce intermediate energy levels in the gap 

between the conducting band and the valence band. These band-gap defects 

disturb the transport of electrical charges by several reactions [13].  

First, generation and recombination of electron-hole pairs degrade the minority 

carrier lifetime. Second, the trapping and compensation effects change the 

majority carrier density and decrease the carrier mobility [14].  

The results show that, under the influence of these effects, the reduction of 

photocurrent is significant. In this work, 
60

Co and 
137

Cs are used to irradiate a 

silicon-based solar cell, to evaluate the impact of such gamma photons on the 
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electrical properties including the output power.  

Figure 1.1 shows a photo for a solar power system integrated with a space 

probe. 

 

 

 

Fig1.1, A solar power system integrated with a space probe. 

 

1.4. Hypothesis of Research 

𝛾� radiation damage is induced by the ionization and excitation of the atoms 

within the junction space charge region of a junction device such as solar cell. 

The presence of impurity atoms that are either added to the base material as 

donors, or during the manufacturing process, has indicated the possibility that 
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some of the produced electrons might be trapped by those atoms between the 

valence and conduction band. Consequently, the output of the optoelectronic 

device exposed to 𝛾� radiation is also reduced. Therefore, from the 

technological point of view, it is important to study the variations induced by 

irradiation of semiconductor junction characteristic parameters that affect the 

performance of the solar cells [15-20]. 

During inelastic scattering on electrons, the incident particle can transfer 

energy to the atom, raising it to a higher energy level (excitation), or it may 

transfer enough energy to remove an electron from the atom (ionization).  

A portion of energy transferred during each individual scattering of heavy 

charged particles on electrons is small compared to an entire kinetic energy of a 

particle, but the number of particle collisions per a unit path length is as high 

that the entire total energy loss is significant even in relatively thin material 

layers. 

 

1.5. Objectives of the Research 

All presented publications give a substantial insight into the state of the art 

concerning this important interdisciplinary field. Comprehensive comparative 

analysis of measurement results were carried out in order to determine the 

reliability of optoelectronic devices in radiation environment, [3-13]. 

 This work, studies the basic physical mechanisms of the interactions of 

ionizing radiation with solar cells targeting the radiation-induced effects 

generated by gamma ray photons of 
60

Co and 
137

Cs gamma ray source. 
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 These defects are to be evaluated by carrying out experimental measurements 

and to evaluate the Direct Ionizing Radiation Damage by evaluating the I-V 

characteristics of the solar units under test.  

 

1.6. Significance of the Research 

Beside the diversity of the device technologies used for designing the solar 

cells and various optoelectronic devices, there are a variety of radiation 

environments in which they are used (natural space and atmospheric, as well as 

military and civil nuclear environments, etc.).  

Reliability of electrical devices in a radiation environment is very important, 

and extensive studies concerning the development of semiconductor devices 

that can operate normally in such conditions have been seriously undertaken.  

Possible degradation of the electrical performance of optoelectronic devices in 

general, induced by irradiation, means that very strict conditions for their 

application must be predetermined for the worst-case scenario. Performance 

failure in such conditions could have negative impact on both the financial and 

environmental aspects of the device application. 

 The significance of the current study relies on its contribution to the efforts 

being done to study the radiation-induced effects on the electrical properties of 

solar cells and to develop a radiation-hardened electronics for solar power 

systems working in radiation environment, [21-24].  
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1.7. Methodology 

For this experimental study a suitable (light source - solar cell) geometry will 

be instrumented individually for both 
60

Co and 
137

Cs radioactive sources which 

will be used individually to expose monocrystalline silicon solar cells. Each 

geometry consists of a halogen lamp, and a mono-crystalline silicon solar cell. 

At room temperature, the forward bias (I-V) and (P-V) characteristics will be 

determined under illumination, before and after γ- irradiation.  

The first solar cell will be irradiated with different 
60

Co γ-exposure doses , for 

different periods of time . The second solar cell will be irradiated with different 

137
Cs γ-exposure doses; for different periods of time. The current–voltage 

characteristics of each mono-crystalline silicon solar cell under AM1.5 

illumination condition and their spectral photocurrent will be studied before 

and after gamma irradiation. The results would be analyzed using sigma plot 

program, which is a proprietary software for scientific graphing and data 

analysis. It can read multiple formats such as Microsoft Excel spread sheets 

and can perform mathematical transforms and statistical analysis. Then the 

results of 
60

Co exposure will be studied and compared to those of 
137

Cs 

radiation. 
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                                      Chapter Two 

Basic contents 

 

 2.1. Introduction 

Radiation in space is generated by particles emitted from a variety of 

sources both within and beyond our solar system. Radiation effects from these 

particles can not only cause degradation, but can also cause failure of electronic 

and electrical system in space vehicles or satellites,[25] .Galactic cosmic rays 

are one of the most important barriers standing in the way of plans for 

interplanetary travel by crewed spacecraft; they also pose a threat to electronics 

placed aboard outgoing probes. In 2010, a malfunction aboard the Voyager 2 

space probe was credited to a single flipped bit, probably caused by a cosmic 

ray. [26],[27]. In this thesis we are interested in knowing how radiation can 

affect solar cells performance, therefore we must know more about radiation. 

2.2. Nature of Radiation 

  Radiation is energy that comes from a source and travels through space 

and may be able to penetrate various materials. Interestingly, there is a 

"background" of natural radiation everywhere in our environment. Ubiquitous 

background radiation comes from space (i.e., cosmic rays) and from naturally 

occurring radioactive materials contained in the earth and in living things. 

 

 

 

There are two different kinds of radiation:  Ionizing radiation, Non-ionizing 

http://en.wikipedia.org/wiki/Cosmic_ray#cite_note-62
http://en.wikipedia.org/wiki/Galactic_cosmic_ray
http://en.wikipedia.org/wiki/Voyager_2
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radiation. Ionizing radiation is produced by unstable atoms which have an 

excess of energy, mass or both. Atoms with unstable nuclei are said to be 

radioactive.  

 In order to reach stability, these atoms give off, or emit, the excess energy 

or mass. These emissions are called radiation which can be delivered in form of 

electromagnetic waves (like light) or particulate (i.e., mass given off with the 

energy of motion) [28]. In this study we are more concerned about ionizing 

radiation because it is more energetic than non-ionizing radiation, and it has so 

much energy that it can knock electrons out of atoms.  

2.3. Types of Ionizing Radiation 

2.3.1. Alpha Particles  

 

  Alpha particles (α) are emitted by some unstable atoms. They are 

positively charged and made up of two protons and two neutrons from the 

atom’s nucleus. Alpha particles come from the decay of the heaviest 

radioactive elements, such as uranium, radium and polonium. Even though 

alpha particles are very energetic, they are so heavy that they use up their 

energy over short distances and are unable to travel very far from the atom.  

 

 

 

 

The health effect from exposure to alpha particles depends greatly on how a 
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person is exposed. Sketch diagram is shown in figure (2.1).  

 

 

 

 

 

Fig.2.1, Sketch diagram for Alpha particle emission 

 

 

 

 

 

 

2.3.2. Beta Particles  
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  Beta particles (β) are small, fast-moving particles with a negative electrical 

charge (
–
β-particles) or positive electrical charge (

+
β-particles) that are emitted 

from an atom’s nucleus during radioactive decay. 

 These particles are emitted by certain unstable atoms such as hydrogen-3 

(tritium), carbon-14 and strontium-90. Sketch diagram is shown in figure 2.2. 

(a),(b). 

 

 

 

 

 

Fig.2.2.(a), Sketch diagram for Beta minus emission 
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Fig.2.2.(b),Sketch diagram for positron emission 
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2.3.3. Gamma Rays  

 

  Gamma rays are high-energy electromagnetic radiation emitted in the de 

excitation of the atomic nucleus.[29] . Unlike alpha and beta particles, which 

have both energy and mass, gamma rays are pure energy. They are similar to 

visible light, but have much higher energy.  

Gamma rays are classically produced by the decay from high energy states of 

atomic nuclei (gamma decay), but can also be created by other processes. 

Gamma rays were first thought to be particles with mass, like alpha and beta 

rays. Rutherford initially believed they might be extremely fast beta particles, 

but their failure to be deflected by a magnetic field indicated they had no 

charge. Sketch diagram is shown in figure 2.3.  

 

 

Fig.2.3, Sketch diagram for gamma emission 

http://en.wikipedia.org/wiki/Atom
http://en.wikipedia.org/wiki/Gamma_decay
http://en.wikipedia.org/wiki/File:Gamma_Decay.svg
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2.4. Sources of gamma rays 

      Natural sources of gamma rays on Earth include gamma decay from 

naturally occurring radioisotopes such as potassium-40, and also as a secondary 

radiation from various atmospheric interactions with cosmic ray particles. 

Some rare terrestrial natural sources that produce gamma rays that are not of a 

nuclear origin, are lightning strikes and terrestrial gamma-ray flashes, which 

produce high energy emissions from natural high-energy voltages. Gamma rays 

are also produced by a number of astronomical processes in which very high-

energy electrons are produced. Such electrons produce secondary gamma rays 

by the mechanisms of bremsstrahlung, inverse Compton scattering and 

synchrotron radiation. Among the commonly used radioisotopes as gamma 

sources are; Co-60, Cs-137,[29]. 

2.5. Gamma interaction with matter  

When a gamma ray passes through matter, the probability for absorption is 

proportional to the thickness of the layer, the density of the material, and the 

absorption cross section of the material. The total absorption shows an 

exponential decrease of intensity with distance from the incident surface; 

                     (2.1) 

where x is the distance from the incident surface, μ = nσ is the absorption 

coefficient, measured in cm
−1

, n the number of atoms per cm
3
 of the material 

http://en.wikipedia.org/wiki/Radioisotope
http://en.wikipedia.org/wiki/Potassium-40
http://en.wikipedia.org/wiki/Cosmic_ray
http://en.wikipedia.org/wiki/Lightning_strike
http://en.wikipedia.org/wiki/Terrestrial_gamma-ray_flash
http://en.wikipedia.org/wiki/Bremsstrahlung
http://en.wikipedia.org/wiki/Compton_scattering
http://en.wikipedia.org/wiki/Synchrotron_radiation
http://en.wikipedia.org/wiki/Exponential_decay
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(atomic density) and σ the absorption cross section in cm
2
 [30]. 

2.6. Types of Interaction of Gamma Radiation with Matter 

    Gamma radiation ionizes materials via three processes: the photoelectric 

effect, Compton scattering, and pair production. 

2.6.1. Photoelectric effect  

This describes the case in which a gamma photon interacts with and 

transfers its energy to an atomic electron, causing the ejection of that electron 

from the atom. The kinetic energy of the resulting photoelectron is equal to the 

energy of the incident gamma photon minus the energy that originally bound 

the electron to the atom (binding energy). The photoelectric effect is the 

dominant energy transfer mechanism for X-ray and gamma ray photons with 

energies below 50 keV (thousand electron volts), but it is much less important 

at higher energies. 

2.6.2. Compton scattering 

Compton scattering is an example of elastic scattering of light by a free 

charged particle, where the wavelength of the scattered light is different from 

that of the incident radiation.  

 

http://en.wikipedia.org/wiki/Cross_section_(physics)
https://en.wikipedia.org/wiki/Photoelectric_effect
https://en.wikipedia.org/wiki/Photoelectric_effect
https://en.wikipedia.org/wiki/Compton_scattering
https://en.wikipedia.org/wiki/Pair_production
https://en.wikipedia.org/wiki/Photoelectric_effect
https://en.wikipedia.org/wiki/Photon
https://en.wikipedia.org/wiki/Photoelectron
https://en.wikipedia.org/wiki/Electronvolt
https://en.wikipedia.org/wiki/Compton_scattering
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In Compton's original experiment, the energy of the X ray photon ( ) 

was very much larger than the binding energy of the atomic electron, so the 

electrons could be treated as being free. The amount by which the light's 

wavelength changes is called the Compton shift.  Although nuclear Compton 

scattering exists,[31], Compton scattering usually refers to the interaction 

involving only the electrons of an atom. The Compton Effect was observed by 

Arthur Holly Compton in 1923 at Washington University in St. Louis and 

further verified by his graduate student Y. H. Woo in the years following. 

Compton earned the 1927 Nobel Prize in Physics for the discovery. 

The effect is important because it demonstrates that light cannot be explained 

purely as a wave phenomenon. Thomson scattering, the classical theory of an 

electromagnetic wave scattered by charged particles, cannot explain low 

intensity shifts in wavelength (classically, light of sufficient intensity for the 

electric field to accelerate a charged particle to a relativistic speed will cause 

radiation-pressure recoil and an associated Doppler shift of the scattered light, 

[32], but the effect would become arbitrarily small at sufficiently low light 

intensities regardless of wavelength). Light must behave as if it consists of 

particles, if we are to explain low-intensity Compton scattering. Compton's 

experiment convinced physicists that light can behave as a stream of particle-

like objects (quanta), whose energy is proportional to the light wave's 

frequency.  

https://en.wikipedia.org/wiki/Arthur_Holly_Compton
https://en.wikipedia.org/wiki/Washington_University_in_St._Louis
https://en.wikipedia.org/wiki/Wu_Youxun
https://en.wikipedia.org/wiki/Nobel_Prize_in_Physics
https://en.wikipedia.org/wiki/Wave
https://en.wikipedia.org/wiki/Thomson_scattering
https://en.wikipedia.org/wiki/Electromagnetic_wave
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Because the mass-energy and momentum of a system must both be conserved, 

it is not generally possible for the electron simply to move in the direction of 

the incident photon.  

The interaction between electrons and high energy photons (comparable to the 

rest energy of the electron, 511 Kev) results in the electron being given part of 

the energy (making it recoil), and a photon of the remaining energy being 

emitted in a different direction from the original, so that the overall momentum 

of the system is conserved. If the scattered photon still has enough energy, the 

process may be repeated. In this scenario, the electron is treated as free or 

loosely bound.  

2.6.3. Pair production  

This becomes possible with gamma energies exceeding 1.02 MeV, and 

becomes important as an absorption mechanism at energies over 5 MeV. By 

interaction with the electric field of a nucleus, the energy of the incident photon 

is converted into the mass of an electron-positron pair. Any gamma energy in 

excess of the equivalent rest mass of the two particles (totaling at least 1.02 

MeV) appears as the kinetic energy of the pair and in the recoil of the emitting 

nucleus. 

 

 

https://en.wikipedia.org/wiki/Mass-energy
https://en.wikipedia.org/wiki/Momentum
https://en.wikipedia.org/wiki/Energy
https://en.wikipedia.org/wiki/Electronvolt
https://en.wikipedia.org/wiki/Momentum
https://en.wikipedia.org/wiki/Pair_production
https://en.wikipedia.org/wiki/Electric_field
https://en.wikipedia.org/wiki/Positron
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 At the end of the positron's range, it combines with a free electron, and the two 

annihilate, and the entire mass of these two is then converted into two gamma 

photons of at least 0.51 MeV energy each (or higher according to the kinetic 

energy of the annihilated particles, [33]. 

2.8. Radiation Damage In Silicon 

      It has been assumed that the radiation damage in silicon is proportional to 

the energy deposited into the displacement interactions (NIEL hypothesis), 

[30]. 

 The displacement damage cross section D(Ep) expresses the relative 

displacement efficacy of an impinging particle p with energy Ep, taking into 

account the various type of interactions between the particle and the silicon 

atom. The displacement damage cross section is defined by [34]: 
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    The function fi describes the distribution of the recoil atom with energy ER 

and P(ER) is the Lindhard partition function of the energy loss in non-ionizing 

processes by a recoiling nucleus of energy ER. The lower bound of the integral 

corresponds to the minimum energy required to displace a silicon atom from 

the lattice and the upper limit is determined by the maximum energy 

transferred.  

(2-2) 

https://en.wikipedia.org/wiki/Range_%28particle_radiation%29
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The gamma displacement cross-sections for energies up to 14 MeV have been 

calculated in various materials at two values of displacement threshold energy 

(24 and 40 eV), [35]. Three types of gamma ray interactions with materials 

were considered, the photoelectric effect, Compton scattering and pair 

production. Therefore, the total gamma displacement cross-section consists of 

three components representing the sum of cross-sections for three interactions; 

 

)()()()( EEEE
PPCSPET

  
     

 

Where Eγ  is  the gamma incident energy and the superscripts PE, CS, and PP 

represent photoelectric effect, Compton scattering, and pair production, 

respectively. Using the data obtained in [35], the total displacement damage 

cross section of silicon for photons is presented in Fig.2.4. 

(2-3) 
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Figure 2.4. Displacement damage cross section as a function of 

gamma energy for silicon 
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Chapter Three 

Radiation damage on solar cells 

 

3.1. Introduction 

       As worldwide energy demand increases, conventional energy resources 

will be exhausted in the not-too-distant future. Therefore the solar cell is the 

major candidate for obtaining energy from sun, since it can provide nearly 

permanent power at low operating cost and almost free of pollution. Solar cells 

at present furnish the most important long-duration power supply for satellites 

and space vehicles and have also been successfully employed in terrestrial 

applications.  

The space environment is often characterized by a rich radiation environment; 

therefore, to be used in space, the radiation response of a solar cell must be 

well understood.  

 

3.2. Operating principles of solar cells 

     A solar cell consists essentially of a p-on-n junction in a semiconductor 

material that, when under illumination by solar photons, produces a voltage, 

called the photovoltage, by the photovoltaic effect. If an ohmic contact is 

placed on p and n sides of the junction, then the photogenerated charge carriers 

can be extracted from the device, thus generating a  photocurrent. If the solar 

cell is connected across an electronic load, then power can be extracted and 

used to drive a system.  
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A schematic drawing of a basic, single-junction solar cell is shown in Figure 

(3.1) .this figure depicts an n+p structure where the n-type dopant 

concentration is one or two orders of magnitude higher than that of the p-type 

region so that a one-sided, abrupt junction exists. When the solar cell is 

illuminated, the photons penetrate the material, and those photons with energy 

above the semiconductor band gap are absorbed and create electron-hole 

pairs[36]. 

 

 

Figure 3.1: A schematic drawing of a single junction solar cell. 
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The electrical output of a solar cell is typically characterized by parameters 

extracted from the IV curve. Three common parameters are illustrated in Figure 

3.2. The current measured at short circuit is called the short circuit current  

(Isc). The voltage at open circuit is called the open circuit voltage (Voc). The 

maximum electrical power generated by  the solar cell is given the symbol Pmp. 

The efficiency at which the solar cell converts the incident solar energy to 

electrical energy is given by dividing Pmp by the appropriate solar constant, 

which, for the space air mass zero (AM0) spectrum, is 136.7 mW/cm2. 

The shape of the IV curve is characterized by the fill factor (FF). The FF is 

defined as the ratio of Pmp to the product of Isc and Voc. The FF gives an 

indication how well the IV curve fills the maximum power rectangle, which is 

the rectangle formed in the forth quadrant by a vertical line passing through Voc 

and an horizontal line passing through Isc as shown by the dotted lines in Figure 

(3.2)[36]. The performance of a solar cell is also characterized in terms of the 

solar cell dark IV curve.  
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Figure 3.2: Typical IV , PV curves measured on a single-junction solar 

cell. 

 

As seen in figure 3.2, Illuminating the solar cell pulls the IV curve down into 

the forth quadrant so that power can be extracted from the device. The dark 

current is seen to oppose the photo generated current. Typical parameters used 

to characterize solar cell performance are shown. The dotted lines define the 

“maximum power rectangle”. 
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3.3. Displacement damage   

The electrical characteristics of silicon solar cells are affected by 

environment condition. During operation of photovoltaic solar cells, they are 

exposed to radiation such as used in space systems and satellites.  

The irradiation of solar cells by high-energy levels  of  radiation  in  the  form  

of  gamma  rays,  neutrons,  charged  particles,  etc.  leads  to  radiation defects  

and  electrical  damage  in  the  solar  cells  bulk  and  results  a  significant  

degradation  of  the electrical parameters of silicon solar cells [97,39].  

The lifetime and performance of the solar cells is limited by the amount of 

radiation damage in solar cells. When silicon solar cells are irradiated with 

gamma rays, two types of radiation damage occur within it: displacement 

damage and ionization effects. These defects mostly act as recombination 

points that decreased the diffusion length and lifetime of minority carrier as 

well as increased internal parameters of cells. Output parameters of solar cell 

such as maximum output power, fill  factor,  efficiency,  short  circuit  current,  

and  open  circuit  voltage  strongly  depend  on  internal parameters of solar 

cells such as series resistance, RS, saturation current, I0 and ideal factor, n. it 

has been  proved  that  increasing  each  of  above  internal  parameters  of  

solar  cell  causes  that  the  output characteristics of solar cells decreased [39-

41]. 
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3.4. Gamma displacement cross-sections 

       Gamma rays can displace atoms by first transferring energy to an electron, 

which transfers energy to a lattice atom through an electron-atom scattering 

event. The energetic electrons can be produced from Compton scattering, 

photoelectric effect and pair production. 

Therefore, the total gamma displacement cross-section consists of three 

components representing the sum of cross-sections for three interactions, 

 

 

 

Where Eγ  is the gamma incident energy and the superscripts PE, CS, and PP 

represent photoelectric effect, Compton scattering, and pair production, 

respectively. 

 

3.4.1. Photoelectric effect displacement cross-section 

For gamma ray energies below 0.1 MeV, the dominant mode of interaction 

of the gamma ray with material is the photoelectric effect. In this process, a 

gamma ray is absorbed by an atom and then an energetic photoelectron is 

ejected from one of its bound shells. The ejected electron possesses kinetic 

energy E0, which is equal to the incident gamma energy Eγ minus the binding 

energy (BE) of the electron to the atom. 

(3-1) 



 

28 

 

 

 Under the assumption that all electrons have the same initial energy for the 

given gamma energy of Eγ resulting from K-shell ionization, the photoelectric 

effect displacement cross-section is  given by: 

 

� �     (3.2) 

 

 

Where  is the total number of displaced atoms produced on the average 

over the range of the recoil electron of energy E0. 

 

3.4.2. Compton scattering displacement cross-section 

Compton scattering takes place between the incident gamma ray and orbital 

electrons in material. This interaction is the predominant mechanism at 

intermediate gamma ray energies, ranging from 0.1 to 10 MeV in metals. In 

Compton scattering, the incoming gamma ray is deflected by a certain angle 

with respect to its incident direction, and thus imparts a portion of its energy to 

the electron at rest, which the n becomes the recoil electron. The desired 

displacement cross section for Compton scattering is [42], 

 

 

(2-3) 
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Where the kinetic energy of the recoil electron E0 is a function of scattering 

angle θ,  is the differential scattering cross-section, given 

by the Klein-Nishina formula. The relationship between the energy of the 

incident gamma ray and that of the recoil electron is  expressed in terms of 

scattering angle θ as: 

 

 

Where Ee is the electron rest mass energy (=0.511 MeV) [28]. 

3.4.3. Pair production displacement cross-section 

In the process of pair production, the gamma ray is completely absorbed in 

the field of the nucleus, and an electron-positron pair is created. Pair 

production is energetically possible only if the gamma ray energy exceeds 1.02 

MeV, which corresponds to twice the rest mass energy of an electron. Any 

excess energy carried by the gamma ray is assumed to be completely converted 

to kinetic energy shared by the positron and electron. Because the positron 

subsequently annihilates by combining with an electron, its effect on atomic 

displacement is not included in the calculation.  

 

(3-3) 

(3-4) 
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Similarly to the photoelectric effect, the pair production displacement cross-

section is given by [19], 

 

 

 

 

 

Where; 

 

 

 

3.5. Radiation Damage in Solar Cells 

The permanent damage in solar cell materials is caused by the collisions of 

incident radiation particles with atoms in the crystalline lattice, which are 

displaced from their positions. These defects degrade the transport properties of 

the material and particularly the minority carrier lifetime. The interaction 

between vacancies, self-interstitials, impurities, and dopants in Si leads to the 

formation of undesirable point defects such as recombination and compensator 

centers which affect performance of solar cells, especially in space. 

 

 

(3-5) 

(3-6) 
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 The introduction of radiation-induced recombination centers reduces the 

minority carrier lifetime in the base layer of the p-n junction increasing series 

resistance [43]. Radosavljevi´c and Vasi´c [31] show that the generation of 

electron-hole pairs due to ionization effects 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. 
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Chapter Four 

Experimental Measurements 

 

4.1. Introduction 

         The measurements carried out in this experimental work explore the 

effects of 
60

Co and 
137

Cs γ-photons irradiation on the Photovoltaic parameters 

of mono-crystalline silicone solar cells.  

A suitable (light source - solar cell) geometry was instrumented individually for 

each γ ray source. each geometry consists of a halogen lamp of 500W power 

and 100mW.cm-2 light intensity, and a mono-crystalline silicon solar cell with 

an active area of 10cm×5cm. At room temperature, the forward bias (I-V) and 

(P-V) characteristics were determined under illumination, before and after γ- 

irradiation.  

The first solar cell was irradiated with different 
60

Co γ-exposure doses; 532mR, 

1064mR and 1596mR, for 1 hr, 2 hrs and 3 hrs respectively. The second solar 

cell was irradiated with different 
137

 Cs γ-exposure doses; 280mR, 560mR and 

837mR, for 1 hr, 2 hrs and 3 hrs respectively. The results demonstrated that γ-

exposure doses have a significant effect on the photovoltaic parameters and it 

controls the quality and performance of the solar cell. The open circuit voltage 

(Voc), short circuit current (Isc), maximum output power (Pm) are found to be 

decreased with 
60

Co and 
137

Cs gamma exposure doses. 

 

 



 

33 

 

 Furthermore the fill factor (FF) and efficiency (η)  are found to be decreased 

with both  
60

Co and 
137

Cs gamma exposure doses. 

 

4.2. Gamma ray displacement damage 

       The passage of gamma rays through matter produces electrons and 

secondary photons in the material. Most of the electrons are produced as the 

result of the Compton Effect [23]. Pair production and the photoelectric effect 

are negligible in the range of photon energies with which we are concerned; 

1.25 MeV for 
60

Co and 0.662 MeV for 
137

Cs [35].  

These γ-induced electrons have a spectrum of energies ranging upward to 0.8 

MeV [44]. In addition, transfer energy to a lattice atom through an electron-

atom scattering event.  Atoms are bound to lattice sites and a certain amount of 

energy must be imparted to the atom in order to displace it from its normal site 

and create a vacancy-interstitial pair. In silicon, this minimum energy Ed is 

about 13eV [24]. The energy Et which an electron must have in order to impart 

energy Ed to the struck atom is related to Ed by the following [45]: 
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For silicon, Et, is about 0.14MeV. 

 

 

 

 

(4-1) 
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4.3. Effect of displaced atoms on solar cell performance 

      The permanent damage in the solar cells materials is caused by collisions of 

the incident radiation particles with the atoms in the crystalline lattice, which 

are displaced from their positions. These defects degrade the transport 

properties of the material and particularly the minority carrier lifetime [46-48]. 

Photovoltaic parameters of silicon solar cell such open circuit voltage (Voc), 

short circuit current (Isc), maximum output power (Pm), fill factor (FF) and 

efficiency (η), strongly depend on minority carrier life time [49]. And several 

authors [48, 50] have reported that a decrease in the minority carrier life time 

reduce the electric properties of solar cells. This work examine a suitable (light 

source-solar cell) geometry and describes a series of measurements carried out 

to characterize the 
60

Co and 
137

Cs γ-induced displacement damage on a mc-Si 

solar cell in terms of variation of mc-Si solar cell photovoltaic parameters with 

respect to  
60

Co and 
137

Cs γ-ray exposure doses.  

4.4. Instrumentation 

Schematic diagram for the circuit considered for measuring the photovoltaic 

output parameters of the solar cell under test is shown in Fig.4-1. A photograph 

for the light source-solar cell geometry is shown in Fig.4-2.  
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Fig. 4-1: Schematic diagram for the circuit utilized for measurements 
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Fig.4-2: A photograph for the (light source-solar cell) geometry 
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The solar cell under test was a commercial mc-Si solar cell with an active area 

of 10cm×5cm manufactured by Leybold [51].  

The employed light source was a 500 W halogen lamp. In a Cartesian system 

of reference where the y-axis coincides with the solar cell axis and is directed 

upwards, the light source was fixed at y=20 cm above the active surface area of 

the solar cell. This will provide a 90
0
 incident angle for photons of the light 

source.The halogen lamp bulb is inexpensive, uncomplicated and convenient to 

operate and require only easy power supply units. The halogen lamp bulb is 

widely used in solar beam experiments (SBE) for solar simulator applications 

because it provides a very stable and smooth spectral output [52]. The light 

source intensity was measured to be 100 mW.cm
-2

. This value simulates AM1.5 

solar radiation over the active area of the solar cell [53]. The light intensity was 

measured using a pyranometer type HT303N of sensitivity 19.8μV/W.m
-2

, 

connected to a solar systems analyzer type HTSolar300.  

First for γ-ray irradiation, a 
60

Co γ-ray source of activity 1mCi and average 

energy of 1.25meV was utilized. Two digital multimeters were used to record 

the output voltage and current while varying the value of a variable resistor (0-

1KΩ). 

After gathering the results of the 
60

Co γ-ray exposure, the 
60

Co γ-ray source 

was replaced with a 
137

Cs γ-ray source and a new mono-crystalline silicon solar 

cell with an active area of 10cm×5cm was instrumented and the output voltage 

and current were recorded using Two digital multimeters while varying the 

value of a variable resistor (0-1KΩ). Fig.4-3 shows a photograph for the light 
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source-solar cell geometry during gamma exposure. Fig.4-4 shows the solar 

systems analyzer type HTSolar300 used to measure The light intensity , Fig.4-5 

shows the pyranometer type HT303N of sensitivity 19.8μV/W.m-2 also used to 

measure the light intensity  . 
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Fig )4-3( A photograph for the (light source-solar cell) geometry during 

gamma exposure 
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Fig )4-4( A solar analyzer type HTSolar300 used to measure the light 

intensity 
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Fig )4-5( A pyranometer  type HT303N of sensitivity 19.8μV/W.m-2 

used to measure the light intensity 
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4.5. Measurements Procedure 

 

The forward bias I-V characteristics of mc-Si solar cells, before and after 

gamma ray irradiation, were measured at room temperature for different 

periods of time. The light source was used to uniformly illuminate the solar cell 

under test and the measurements were performed within 15 minutes in room 

temperature. It is important to carry out the measurements within a short time 

scale (~0.25 % hour) to avoid elevating the cell temperature, as this will result 

in a decrease of Voc, with a relative reduction in light conversion efficiency of 

about 0.4% K
-1

 [54]. The variable resistor, R was set to its maximum value 

(1KΩ) and both the current (I) and the voltage (V) were recorded. At R=1KΩ, 

within our measurement conditions, the voltage will approximate the open-

circuit value Voc. The resistance was then decreased in steps. Both I and V were 

recorded for different settings, including the short-circuit current Isc 

corresponding to R=0. At this point, the light source was turned off and the 

60
Co γ-source was located at the y=5cm above the active area of the Si solar 

cell. The cell was irradiated for 1 hr, 2hrs and 3 hrs. The corresponding 

exposures were calculated to be 532 mR, 1064 mR and 1596 mR, respectively. 

At the end of each exposure time, the 
60

Co γ- source is removed and the light 

source is turned on. The data for I and V including Isc and Voc were recorded 

following the measurements procedure before 
60

Co γ-ray irradiation. 
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 The I-V characteristics, before and after 
60

Co γ-irradiation were used to 

determine the point of maximum power (Vmp, Imp) and calculate the fill factor 

FF. At this point, the output power values including the maximum output 

values (Pmp Voc Isc FF) were calculated and (P-V) characteristics were 

generated.  

 On the basis of the I-V characteristics, Solar cell parameters like short circuit 

current (Isc), open circuit voltage (Voc), fill factor (ff) and efficiency ( η) can be 

calculated. The fill factor (FF) is a key performance parameter for solar cells 

and can be expressed as; 

 

scoc

mpmp

IV

IV
FF 

                                               

 

Where Vmp and Imp are the voltage and the current at a maximum power point, 

and Voc and Isc are the open circuit voltage and short circuit current respectively 

[55]. The efficiency (η) for a solar cell is given by; 

 

in

scoc

P

FFIV


         

 

Where Isc is the short circuit current, Voc is the open circuit voltage and Pin is 

the incident light power. 

(4-2) 

(4-3) 
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A new (light source- solar cell) geometry was instrumented and all the steps 

mentioned above was repeated using a 
137

Cs γ-source for irradiation. The 

gamma source was located at y=5cm above the active area of the Si solar cell. 

The cell was irradiated for 1hr, 2hrs and 3hrs. The corresponding exposures 

were calculated to be 280 mR, 560 mR and 837 mR, respectively.  
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Chapter Five 

Results discussion and conclusion 

 

5.1. Introduction 

This work characterizes the 
60

Co and 
137

Cs γ-induced displacement damage 

on mc-Si solar cells in terms of variation of photovoltaic parameters. The 

forward bias (I-V) characteristics and the rest of measurements were carried 

out at room temperature.  

 

5.2. Effects of illumination of 
60

Co γ-ray irradiation on the I–V and 

 P-V characteristics  

 

The forward bias I-V characteristics of the mc-Si solar cell, before and after 

various 
60

Co γ-ray exposure doses; 532 mR, 1064 mR and 1596 mR, were 

measured at room temperature and shown in table (5.1) and Fig.(5.1). In 

comparison to the voltage Vmp and current Imp values before 
60

Co γ-ray 

irradiations, the Vmp values after irradiation were deteriorated by approximately 

0.4% ,2.9% ,9%, respectively , while the Imp values after irradiation were 

deteriorated by 9.7%, 12% and 17.5%, respectively. The variation of the output 

power with voltage; (P-V) characteristics are reported in table (5.1) and Fig 

(5.2). As shown, in comparison to the output power values before 
60

Co γ-ray 

exposure doses, the Pmp values after irradiation were deteriorated by 

approximately 10%, 14.5% and 24.9%, respectively.  
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The results reported in Fig.(5.1) and Fig.(5.2) in one hand, re-confirm the 

deterioration of the I-V and P-V characteristics of the solar cell due to 

increasing of gamma exposure values and on the other hand demonstrate the 

feasibility of our proposed (light source-solar cell) geometry. 
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Table (5.1):The illuminated I-V ;  P-V characteristics of mc-Si solar cell 

irradiated with 1.25 MeV 
60

Co photons at various doses collectively. 

 

 

 

Condition Parameters 

Pre irradiation Imp Vmp Pmp 

 0.937753 0.5401944 0.506569 

After irradiation Imp Vmp Pmp 

60
Co (Dose 1) 532 mR 0.846737 0.53784823 0.455416 

60
Co (Dose 2) 1064 mR 0.825667 0.52443782 0.433011 

60
Co (Dose 3) 1596 mR 0.773946 0.49154851 0.380432 
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Fig. (5.1) The illuminated I-V characteristics of mc-Si solar cell 

irradiated with 1.25 MeV 
60

Co photons at various doses collectively. 

 

 

 

 

 



 

49 

 

 

 

 

 

 

 

Fig. (5.2): The illuminated P-V characteristics of mc-Si solar cell 

irradiated with 1.25 MeV 
60

Co photons at various doses collectively. 
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5.3. Effects of illumination of 
60

Co γ-ray irradiation on Voc, Isc, FF and η  

 

The variations of mc-Si solar cell photovoltaic parameters; open circuit 

voltage (Voc) and short circuit current (Isc) with respect to gamma exposure 

doses are reported in table (5.2) and shown in Fig (5.3). While those for fill 

factor (FF) and efficiency (η) are also reported in table (5.2) and shown in 

Fig(5.4). All parameters under investigation were normalized to the values 

obtained before 
60

Co γ-ray irradiations. It was found that the degradation of 

mc-Si solar cell photovoltaic parameters is dependent on the gamma exposure 

doses; 532 mR, 1064 mR and 1596 mR. As shown in Fig.(5.3), The Voc and Isc 

values were deteriorated by approximately 1.5 %, 2.2% and 3% for Voc, and 

3%, 6% and 11.9% for Isc, respectively.  

As reported in Fig.(5.4), the FF values were deteriorated by approximately 

5.9%, 7.1% and 12.2% respectively. while the η values deteriorated by 9% for 

exposure dose 532mR, 13.4% for exposure dose 1064mR and 24% for 

exposure dose 1596mR . The results re-confirm the deterioration effect of 
60

Co 

γ-induced displacement damage on the photovoltaic parameters of the mc-Si 

solar cells. 
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Table (5.2): Variation of normalized Voc Isc  FF and η with 
60

Co 

 γ- exposure doses 

 

 

Condition Parameters 

Pre irradiation Voc Isc FF η 

 1.0000 1.0000 0.506569 0.001 

After irradiation Voc Isc FF η 

60
Co (Dose 1) 532 mR 0.9850 0.9701 0.476601 0.000910 

60
Co (Dose 2) 1064 mR 0.9783 0.9405 0.470617 0.000866 

60
Co (Dose 3) 1596 mR 0.9701 0.8815 0.444875 0.000760 
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Fig. (5.3): Variation of normalized Voc and Isc with 
60

Co γ- exposure 

doses 
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Fig. (5.4): Variation of normalized FF and η with 
60

Co γ- exposure doses 

 

5.4. Effects of illumination of 
137

Cs γ-ray irradiation on the I–V and P-V 
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characteristics  

 

The forward bias I-V characteristics of the mc-Si solar cell, before and after 

various 
137

Cs γ-ray exposure doses; 280 mR, 560 mR and 837 mR, were 

measured at room temperature at different periods of time and shown table 

(5.3) and in Fig. (5.5). In comparison to the voltage Vmp and current Imp values 

before 
137

Cs γ-ray irradiations, the Vmp values after irradiation were 

deteriorated by approximately 0.4% ,2.9% ,9%, respectively, while the Imp 

values were deteriorated by 7.9%, 10.1% and 13.3%, respectively. The 

variation of the output power with voltage; (P-V) characteristics are reported 

table (5.3) and in Fig (5.6). As shown, in comparison to the output power 

values before 
137

Cs γ-ray exposure doses, the Pmp values after irradiation were 

deteriorated by approximately 8.3%, 12.8% and 21.1%, respectively.  

The results reported in Fig (5.5) and Fig (5.6) in one hand, re-confirm the 

deterioration of the I-V and P-V characteristics of the solar cell due to 

increasing of gamma exposure values and on the other hand demonstrate the 

feasibility of our proposed (light source-solar cell) geometry. 
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Table (5.3):The illuminated I-V ;  P-V characteristics of mc-Si solar cell 

irradiated with 0.662 MeV 
137

Cs photons at various doses collectively. 

 

 

condition Parameters 

Pre irradiation Imp Vmp Pmp 

 0.937753 0.5401944 0.506569 

After irradiation Imp Vmp Pmp 

137
Cs (Dose 1) 280 mR 0.863672 0.53807927 0.464724 

137
Cs (Dose 2) 560 mR 0.842181 0.52443833 0.441672 

137
Cs (Dose 3) 837 mR 0.812643 0.49155533 0.399459 
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Fig (5.5): The illuminated I-V characteristics of mc-Si solar cell 

irradiated with 0.662 MeV photons at various doses collectively. 
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Fig. (5.6): The illuminated P-V characteristics of mc-Si solar cell 

irradiated with 0.662 MeV photons at various doses collectively. 
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5.5. Effects of illumination of 
137

Cs γ-ray irradiation on Voc, Isc, FF and η  

 

The variations of mc-Si solar cell photovoltaic parameters; open circuit 

voltage (Voc) and short circuit current (Isc) with respect to gamma exposure 

doses are reported in table (5.4) ,beside those for fill factor (FF) and efficiency 

(η)). All parameters under investigation were normalized to the values obtained 

before 
137

Cs γ-ray irradiations. It was found that the degradation of mc-Si solar 

cell photovoltaic parameters is dependent on the gamma exposure doses; 280 

mR, 560 mR and 837 mR. As shown in table.(5.4), The Voc and Isc values were 

deteriorated by approximately 0.9%, 1.6% and 2% for Voc, and 2%, 5% and 

10.9% for Isc, respectively.  

As reported in table (5.4), the FF values were deteriorated by approximately 

5.5%, 6.8% and 9.7% respectively. while the η values deteriorated by 7.1% for 

exposure dose 280mR, 11.7% for exposure dose 560mR and 20.2% for 

exposure dose 837mR. The results re-confirm the deterioration effect of 
137

Cs 

γ-induced displacement damage on the photovoltaic parameters of the mc-Si 

solar cells. 
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Table (5.2): Variation of normalized Voc Isc  FF and η with 
137

Cs 

 γ- exposure doses 

 

 

Condition Parameters 

Pre irradiation Voc Isc FF η 

 1.0000 1.0000 0.506569 0.001 

After irradiation Voc Isc FF η 

137
Cs (Dose 1) 532 mR 0.9910 0.9800 0.478514 0.000929 

137
Cs (Dose 2) 1064 mR 0.9843 0.9502 0.472234 0.000883 

137
Cs (Dose 3) 1596 mR 0.9800 0.8912 0.457373 0.000798 
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5.6. Comparison between the Effects of illumination of 
60

Co and 
137

Cs γ-ray 

irradiation on the I–V and P-V characteristics  

 

The forward bias I-V characteristics of two mc-Si solar cells, after various 
60

Co 

γ-ray exposure doses; 532 mR, 1064 mR and 1596 mR for the first cell, and 

137
Cs γ-ray exposure doses; 280 mR, 560 mR and 837 mR for the second cell, 

were measured at room temperature at the same acquisition time 1 hr ,2 hrs 

,3hrs for both sources individually,  compared and shown in Fig(5.7) (a,b,c,).  

As seen in Fig (5.7)(a), the maximum (I-V) point for 
137

Cs peaks at (0.863672, 

0.53807927) where for 
60

Co it peaks at (0.846737, 0.53784823),  in Fig 

(5.7)(b), the maximum (I-V) point for 
137

Cs peaks at (0.842181, 0.52443833) 

where for 
60

Co it peaks at (0.825667, 0.52443782),  in Fig (5.7)(c), the 

maximum (I-V) point for 
137

Cs peaks at (0.812643, 0.49155533) where for 

60
Co it peaks at (0.773946, 0.49154851), In comparison to the voltage Vmp 

values after 
137

Cs γ-ray irradiations the Vmp values of 
137

Cs γ-ray irradiations 

exceeds those of 
60

Co γ-ray irradiations by 0.04%, 0.0001% and 0.001%, 

respectively.  In comparison to the current Imp values after 
137

Cs γ-ray 

irradiations the Imp values of 
137

Cs γ-ray irradiations exceed those of 
60

Co γ-ray 

irradiations by 1.96%, 2% and 4.9%, respectively.  
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The variation of the output power with voltage ;( P-V) characteristics are 

reported in Fig (5.8) (a,b,c,). As shown in Fig (5.8) (a), the maximum 

 (P-V) point for 
137

Cs peaks at (0.464724) where for 
60

Co it peaks at 

(0.455416),  in Fig (5.8)(b), the maximum (P-V) point for 
137

Cs peaks at 

(0.441672) where for 
60

Co it peaks at (0.433011),  in Fig (5.8)(c), the 

maximum (P-V) point for 
137

Cs peaks at (0.399459) where for 
60

Co it peaks at 

(0.380432),  , in comparison to the output power values after 
137

Cs γ-ray 

exposure , the Pmp values of 
137

Cs γ-ray irradiations exceeds those of 
60

Co γ-ray 

irradiations by 2%, 1.9% and 4.7 %, respectively.  
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Fig (5.7.a): The illuminated I-V characteristics of mc-Si solar cell 

irradiated with 532 mR 
60

Co gamma photons VS  280  mR 
137

Cs gamma 

photons. 
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Fig (5.7.b): The illuminated I-V characteristics of mc-Si solar cell 

irradiated with 1064 mR 
60

Co gamma photons VS 560 mR 
137

Cs gamma. 
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Fig (5.7.c): The illuminated I-V characteristics of mc-Si solar cell 

irradiated with 1596 mR 
60

Co gamma photons VS 837  mR 
137

Cs gamma. 
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Fig (5.8.a): The illuminated P-V characteristics of mc-Si solar cell 

irradiated with 532 mR 
60

Co gamma photons VS 280  mR 
137

Cs gamma. 
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Fig (5.8.b): The illuminated P-V characteristics of mc-Si solar cell 

irradiated with 1064 mR 
60

Co gamma photons VS 560 mR 
137

Cs gamma. 
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Fig (5.8.c): The illuminated P-V characteristics of mc-Si solar cell 

irradiated with 1596 mR 
60

Co gamma photons VS 837  mR 
137

Cs gamma. 
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5.7. Conclusions 

      The research involved in this work, discusses the gamma-induced defects in 

Silicon-based solar power systems. The experimental methods are used to 

investigate the impact of 
60

Co and 
137

Cs gamma ray photons on the electrical 

properties of Silicon-based solar power systems.  

 The hypothesis of this work is based on the fact that 𝛾� radiation damage is  

induced by the ionization and excitation of the atoms within the junction space 

charge region of a junction device such as solar cell. The presence of impurity 

atoms that are either added to the base material 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. Consequently, the output of the optoelectronic device exposed to 𝛾� 

radiation is also reduced. This reduction can be highly affected by the amount 

of gamma radiation dose which the device absorbs.  

As hypothesized, the results confirmed the significant impact of 
60

Co and 

137
Cs γ-induced displacement damage on photovoltaic parameters of mc-Si 

solar cells. As the 
60

Co γ- exposure doses are increased; 532mR, 1064 and 1596 

mR, a deterioration of the electric properties of mc-Si solar cell was observed.  

The Vmp values after irradiation were decreased by 0.4%, 2.9%, 9% 

respectively while Imp values after irradiation were deteriorated by 9.7%, 12% 

and 17.5%, respectively. Consequently, the maximum output power values 

were deteriorated by approximately 10%, 14.5% and 24.9%, respectively. The 

Voc and Isc values were deteriorated by approximately 1.5%, 2.2% and 3% for 
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Voc, and 3%, 6% and 11.9% for Isc, respectively. On the other hand, the FF 

values deteriorated by 5.9%, 7.1% and 12.2% respectively. while the η values 

deteriorated by 9%, 13.4% and 24% respectively.   

Similarly As the 
137

Cs γ- exposure doses are increased; 280mR, 560mR and 

837 mR, a deterioration of the electric properties of mc-Si solar cell was 

observed. The Vmp values were decreased by 0.4%, 2.9%, 9% respectively, 

while Imp values were deteriorated by 7.9%, 10.1% and 13.3%, respectively. 

Consequently, the maximum output power values were deteriorated by 

approximately 8.3%, 12.8% and 21.1%, respectively. The Voc and Isc values 

were deteriorated by approximately 0.9%, 1.6% and 2% for Voc, and 2%, 5% 

and 10.9% for Isc, respectively. Moreover the FF values deteriorated by 5.5%, 

6.8% and 9.7%. while the η values deteriorated by 7.1%, 11.7% and 20.2% 

respectively.   

When comparing the I-V reduction caused by 
60

Co γ-ray photons to that 

caused by 
137

Cs γ-ray photons at the same acquisition time, it was found that 

the Vmp reduction caused by 
60

Co γ-ray photons exceeds that of 
137

Co γ-ray 

photons by 0.04% for 1hr exposure,0.0001% for 2hrs exposure.  

While for 3hrs exposure the Vmp reduction by 
60

Co γ-ray photons exceeds that 

of 
137

Co γ-ray photons by 0.001%.   

Similarly when comparing the Imp reduction caused by 
60

Co γ-ray photons to 

that caused by 
137

Cs γ-ray photons at the same acquisition time (1,2,3 hrs), it 

was found that the Imp reduction caused by 
60

Co γ-ray photons exceeds that of 
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137
Co γ-ray photons by 1.96% , 2% , 4.9% respectively. Similarly the P-V 

reduction caused by 
60

Co γ-ray photons exceeds that of 
137

Co γ-ray photons by 

4.9% at the same acquisition time (3 hrs).  

On the other hand when comparing the P-V reduction caused by 
60

Co γ-ray 

photons with that caused by 
137

Cs γ-ray photons at the same acquisition time 

(1,2,3 hrs) for both sources, it was found that the Pmp reduction caused by 
60

Co 

γ-ray photons exceeds that of 
137

Cs γ-ray photons by 2% 1.9% 4.7% 

respectively . This may attribute to the fact that the average energy of 
60

Co 

(1.25 Mev) is higher than the energy of 
137

Cs (0.662 Mev). 

 In terms of degradation of photovoltaic parameters for the mc-Si solar cell 

under 
60

Co and 
137

Cs γ irradiation, the results are in good agreement with the 

available literature. 

 

5.8. Recommendations 

The use of solar cells to provide electric power for communication and 

experiment purposes is almost universal. These devices, which convert solar 

energy directly to electric power with an initial efficiency of about 10 percent, 

suffer radiation damage in space [56]. Among other types of radiation, the 

damage is mainly due to bombardment by photons. Thus, it is important to 

develop types of solar cells, with suitable transparent radiation shields, which 

minimize this damage. As recommendations, transparent materials are 

important to cover solar cells for shielding in a radiation environment. These 

cover materials must not discolor in a radiation environment.  
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Among different shielding materials, Synthetic fused quartz is the most 

frequently used material because of its radiation resistance [57]. Fused-quartz 

covers are somewhat expensive to produce because they have to be cut to size 

and ground and polished to the desired thickness (usually between 0.076 and 

0.76 mm) and surface quality. Annealed sapphire, which is even more radiation 

resistant than fused quartz, has also been used as solar -cell cover material; 

however, sapphire is a very expensive material. The other frequently used 

cover material is corning glass (Micro-Sheet). This glass has a thermal 

coefficient of linear expansion that more closely matches the silicon solar-cell 

material than does fused quartz. 
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