
EG070013S 
5lh Conference on Nuclear and Particle Physics 

19-23 Nov. 2005 Cairo, Egypt 

RADIATION INDUCED CHANGES OF OPTICAL, 
ELECTRICAL AND MECHANICAL PROPERTIES 

OF GLASSES, DIELECTRICS AND 
SEMICONDUCTORS 

Mohamed Arafat Adawi 
Atomic Energy Authority Nuclear Research Centre 

P.C.I3759 CAIRO, EGYPT 

This work is concerned with investigating the influence of ionizing radiation on 
different materials. Concretely, the change of their physical characteristics such 
as, the electrical resistivity, the optical density, the thermoluminescence spectra, 
the microhardness etc. The investigated materials are: polyethylene, glasses 
containing U3O8, Na20 and K^O, polyvinyl alcohol containing N12SO4, C0CI2, 
CuSC>4 and Cu (CfyCOO^, polymer Pl^CVcomposite, germanium sulphur alloy, 
synthetic and natural diamond, nickel chromium steel and silicon. Irradiation is 
carried out in neutron fields of 105-1014 neutron/cm2, gamma radiation in the dose 
range 102-106 Gy. and swift heavy ions of energy 1 MeV/amu fluence range 108 -
10 ion/cm2. The possibility of working out dosemetric devices (using the above 
mentioned materials) possessing accurate and well expressed metrical 
characteristics for detecting different sorts of radiation is investigated. The 
optimum conditions of using these dosimeters (under different thermodynamic 
conditions and absolute values of registered radiation) are determined. The 
process of defect formation and evolution in silicon-single crystal and diamond 
irradiated with swift heavy ions is studied. The influence of high-energy heavy 
ions on the surface structure of nickel chromium steel is investigated. The 
formation of thermally stable conducting layers at the far depth of the boron 
projective range in silicon irradiated with swift boron ions is confirmed. 
Irradiation of nickel chromium steel with xenon ions lead to the change of the 
elemental composition of the irradiated surface. For the case of diamond 
semiconductor single crystal irradiated with high-energy xenon or krypton ions 
possessing energy 1 MeV/nucleon, the track formation is observed for the first 
time. The track formation criteria are established. A model characterizing the 
interaction of high-energy heavy ions with diamond is introduced. Such model is 
found to be applied for nickel chromium steel too, 

INTRODUCTION 

The development of nuclear particle accelerators leads to the creation of a new direction 
of research. This new branch is the solid state radiation physics, (SSRP). This new field 
of science deals with investigating the nature of receiving different physical phenomena 
in solids. These phenomena are resulting due to the interaction of materials with gamma 
quant, accelerated charged particles or neutrons. The results of investigating such 
processes make it possible to get information about the fundamental properties of 
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materials, their physical nature and the models of interaction between these materials and 
the irradiating particles. Solid state radiation physics has wide spectra of practical 
applications in the technology of semiconductors, metallurgy, manufacturing nuclear 
measuring devices etc.The creation of new and advanced materials due to irradiation 
must be underlined. These new and advanced materials are prepared with previously 
certain predicted properties formed after irradiation with different lands of nuclear 
radiation (gamma quant, neutrons, and low and high energy light and heavy ions). Those 
materials can be widely applied in the field of radiation detection. For this reason it is 
necessary to have profound understanding of the phenomena which are taking place in 
order to prepare such materials. This is necessary to get certain required materials with 
previously known properties. The influence of different types of radiation on matter has 
its specification. Moreover different materials react on the same type of radiation in 
different ways. Up till now there is no satisfying theoretical model or theory which can 
help to explain (predict) and determine the results of irradiating solids. In order to explain 
such effect, different models and approaches which are later on checked by series of 
iterating experiments were carried out. These investigations required to work out an 
optimal realizing algorithm for explanation. To achieve investigation of a wide spectra of 
materials is very expensive and a time consuming problem. For this reason, it is 
important and necessary to concentrate efforts on studying materials which are mainly 
known in the technical and scientific plans. These materials are used in nuclear energetic, 
cosmic technology and microelectronic. Experimental investigations showed that, the 
influence of gamma irradiation, neutron irradiation and the ion beams irradiation have 
absolutely different effects on matter (I'M>. The electrical properties, the optical properties 
and the mechanical properties of materials are changed in different ways. Besides, 
glasses, polymers and some category of materials react with different types of radiation in 
individual ways. The investigation of their properties after irradiation reveals to be an 
important scientific and prospective problem. Hie information received from these 
investigations could be used to work out effective detectors for different types of ionizing 
radiation. These detectors are based on new materials. In this connection the investigation 
of radiation properties o f borosilicate glasses , 0 * g o p e d UjOj , silicate glasses 
doped K2O ™ irradiated with gamma rays and neutrons are of special interest. The study 
of irradiating materials with swift heavy ions <25,2®"M> is of great interest too. In this 
work, single crystal dielectric (diamond), single crystal semiconductor (diamond and 
silicon) and nickel-chromium stainless steel alloy are paid great attention. More 
concretely, the microstracture changes which are formed in these materials after 
irradiation with swift heavy ions (the track formation) and the change in the electrical 
characteristics o f these crystals are of great importance for technology. It is well known 
that, diamond and silicon are the two main cone stones of modem electronics. 
Chromium-nickel alloy is applied in several aspects of construction engineering. The 
above mentioned series o f problems are not enough studied at the present time. So, it is 
extremely necessary to carry out experimental investigations and to follow them by 
systematic realization of the received results in order to confirm that they could be 
applied in practice. All the above mentioned circumstances (situations) determine the 
actuality o f the present work. 
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EXPERIMENT 

A Co60 gammacell-200 of 6300 Curie activity and energy Ey= 1.25 MeV (Canada 
made) is used. The dose at the central position of the chamber (the sample location) is 
3.63x10s rad/h 
Neutron irradiation is carried out using 252Cf, Am-Be and Pu-Be neutron sources with the 
yield 1.17xl07, 5.5xl06 and l.lxlO7 n/Sec. with the energies 2.35 MeV, 4 MeV and 2 MeV 
respectively. The IBR-2 pulsed reactor was also used to provide 14 MeV energy neutrons 
with the flux 10 14 n/cm2 (FLNP -JINR). (The calibration of these sources was achieved using 
TLD luminescence detector at the sample location. 
The ion irradiation was achieved using the IC-100 and the U-400 cyclotrons of the (FLNR-
JINR) accelerating ions from 0.4 MeV/aniu up to 22 MeV/amu. The accelerators work in 
pulsed regime. 
The physical parameters were investigated by means of the following techniques: 
The optical density was determined using a Lambda-3 double beam (UV/Visible) Perkin 
Elmer spectrophotometer (190-900nm). 
The RTL signal was determined using A Harshaw-2000(A and B) TLD reader connected to 
20S0 pecroprocessor. 
The photolummescence (RPL) was measured using a spectrofluorophotometer Shimadzu type 
mode RF-540 at wave length 250 nm. 
The lattice period was determined using the X- ray diffraction technique (Copper Cukai). 
The DC electrical resistivity was measured using a USA made electrometer Keithely-616. 
The microhardness was measured using a Shimadzu HMV-2000 microhardness tester. The 
average of 16 -20 indentation for each sample was estimated at loading 200gms. for 5 
seconds. 
The spreading resistance was measured using a double contact zond equipped with tungsten 
carbide needles of diameter 1pm and 0.2 gjjis. load on the sample. The average of one 
hundred measurements was taken 
The surface topography of the samples was studied using scanning electron microscope JSM-
840 Japan made with X-ray attachment. A tunneling microscope having digitally controlled 
system equipped with large scan option for imaging surface areas lx l (im up to 22x22 jim was 
used. 

RESULTS 

Polyethylene samples with dimension 1.5x1.5 cm2 and thickness 0.03 cm were investigated 
before and after irradiation <l'2). The DC electrical resistivity was measured as a function of 
the temperature and the irradiation dose. The gamma irradiation dose ranged from 10~2 tolO6 

Gy. The neutron irradiation was carried out in die dose interval 108-10" n/cm2. These 
measurements reveal themselves as indicator for the electrical properties of the irradiated 
material. Figure (1) indicates that at room temperature p decreases with increasing the 
irradiation dose D. This curve is approximated by the worked out expression: 

D = exp [21.189-(5.345xl0 ") p] Gy. (1) 

The dependence of the electrical resistivity p on the neutron irradiation dose O is 
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demonstrated in figure (2) p decreases with increasing the neutron fluence at room 
temperature. The following semiemperical formula was worked out to characterize this case 

® = exp [50.465-1.2261np] n/cm3 (2) 

Fig 1: the DC electrical resistivity of polyethylene samples as a function of gamma fluence 
measured at 313 K 

Fig 2: the DC electrical resistivity of polyethylene samples as a function of neutron fluence 
measured at313 K. 

The rms of this formula is 2% and it is valid allover the dose range lO'-lO11 n/cm* 
Polyethylene is found to be more sensitive to neutrons than to gamma radiation. 

Hie optical properties of alkali silicate glass were studied before and after gamma 
irradiation<3). The irradiation dose ranged from 0.1 to 1.1 kGy. The optical transmission 
spectra were investigated throughout the wavelength range 200-900 run. The behavior of the 
optical density was studied. The results of measuring the optical transmission spectra for 
alkali silicate glass based on alkaline metallic silicates L12O-K2O and Lij0-Na20 confirmed 
our proposal that glass-containing K2O could be used for detection in the dose range 0.1 -1.1 
kGy. It is worthy underlining that the glass containing K2O could be used in gamma ray 
detection. The functional dependence characterizing these samples gives linear relation 
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between the optical density and the dose at the wavelengths 440 nm and 620 nm. Samples 
containing N a 2 0 are more sensitive to gamma radiation but they reach saturation at lower 
gamma dose. The samples containing 16.6 mol % KjO have linear relation allover the dose 
range 0.1-1.1 kGy figure (3). 

Fig 3: the (elation between the percentages induced in the optical density of the alkali silicate glass samples and 
die irradiation dose 

Borosilicate glass samples containing different UjOj impurity concentration (0.1, 0.2, 
0.3 and 0.4 at %) were investigated t4). They were imdisted with different doses of gamma 
rays. The irradiation range was 0.01 Gy-10 Gy. Identical samples were irradiated with fast 
neutrons in the fluence range lO'-lO* n/cmJ. The RTL spectra w e n measured before and after 
die irradiation of the samples. 

The results showed that the samples containing 0.4 at% UjOg have an RTL signal 16 
times that of the virgin samples (this in case of gamma irradiation). 

For neutron irradiation, the RTL signal is 10 times less than that of the virgin 
samples. 

The curves characterizing the functional dependence of die RTL and the gamma dose 
for the samples containing 0.4 at% U3O8 show linear relation in the dose range 10"2-104 Gy 
figure (4). 

The uranium free samples could be used in detecting fast neutrons in the range 10 -10 
n/cmJ figure (5). 

Fig 4: the RTL response as a function of gamma absorbed dose for borosilicate glass doped with 0.4% uranium 
impurity concentration 

Polyvinyl alcohol (PVA) containing different metallic salts (CoCl2, NUSO4, and 
CuS04) were investigated.(S) Samples of PVA containing 5%, 10%, 15%, 20%, 30% and 
40% impurity by weight were studied. Their optical absorption spectra were investigated as a 
function of the impurity content. Curves characterizing samples containing 15-20% Co3* or 
Ni2+ show increasing linear dependence between the optical density and the irradiation dose in 
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the range i0"'-104Gy figure (6). 
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Fig 5: theRTL response as a function of neutron absorbed dose for borosilicste gloss doped with 0.4% uranium 
impurity concentration 

Fig 6: Gamma absorbed dose as a function of optical density in PVA samples containing different NiSOj 
impurity concentration at different transmissions 

The mierohsrdness measurements of the PVA samples, which were carried out before 
and after irradiation with different gamma doses ranging from lO'MO4 Gy. show linear 
relation between the value of the microhardness and radiation dose It is found that the 
microhardness increases with the increase of the above-mentioned gamma radiation dose 
figure (7). An approximated formula was worked out lo characterize this functional relation: 
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Hv=AlnDy+B (3) 

Fig 7: [HV] as a function of irradiation dose for PVA doped with different concentration 
of (a) CoClj (b) CuSO, and (c) Ni,SO, 

where, A and B are constants of the logarithmic approximation, Hv is the Vickers 
micrhardness and D, is the gamma radiation dose. 

PVA samples containing Cu (CHjCOO) 2 impurities with the concentration 5,10 and 
15% by weight have been investigated(,>. Measurements were carried out before and after 
irradiation with gamma rays and neutrons. The optical properties were studied. The gamma 
ray radiation dose ranged fromlO"2 to 103 Gy., while the neutron fluence was 10s-10 n/cm2. 

The experimental results showed that the gamma irradiation with the dose up 
to 41.7 kGy. did not affect the optical density of the samples. These samples reveal 
themselves to be very resistive to gamma irradiation. 

In case of neutron irradiation, another result was received. The optical density suffered 
a change in case of neutron irradiation. The optical density was found to increase on 
increasing the neutron fluence. 

Another useful material seems to be the Pb2 Copolymer (polytetraflouroethylene) 
composite having the proportion 1:0.85. It is prepared in a pressed form (tablets). The samples 
are irradiated with gamma rays in the dose range 10"2-104 Gy. The RTL spectra (output) are 
measured before and after irradiation<8). The results show that there is an increasing linear 
relation between the RTL output and the gamma irradiation dose figure (8). 

The possibility of using germanium sulphur amorphous alloy for measuring different 
irradiation doses was studied . Samples having the optimal proportion 1:3 by weight 
germanium to sulphur were prepared. Highly pure components were gradually heated to the 
melting point 900 "C in an evacuated quartz tube under the vacuum Iff5 Torn The samples 
were then quenched in order to ensure amorphous structure Samples were crushed to fine 
grains. 
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Fig 8: TL-glow curves for different gamma doses (a). TL-output versus gamma response (b). 

After that, they were annealed at 400 °C for IS minutes in order to eliminate die residual 
stresses. 

Fig 9: RTL response as a function of gamma dose for germanium-sulphur alloy 
One group was irradiated with gamma rays in the dose range 10"2-10! Gy, while an identical 
group was irradiated with neutrons in the range 10s-10'° n/cm2. 
The RTL spectra of these samples were studied before and after irradiation. The relative RTL 
intensity of the samples irradiated with gamma rays is found to increase with increasing the 
irradiation dose. 10 - 104Gy .figure (9). 

For the case of neutron irradiation, the relative RTL intensity is also found to have 
linear dependence with the neutron irradiation dose. This is shown in die dose range 10s-1010 

n/cm1 figure (10). This alloy is found to be very sensitive to neutron irradiation. 
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Fig 10: R T L response as a function o f neutron fluence for germanium-sulphur alloy. 

Diamond samples were investigated(l0). Synthetic diamond containing 0.5 at % boron 
was irradiated with 210 MeV krypton ions with the fluence 1012 ion/cm2. Samples of natural 
diamond were irradiated with 124 MeV xenon and 25 MeV argon ions with the fluence 
SxlO15 and 8xl015 ion/cm2 respectively. The surface morphology of natural diamond was 
investigated using the scanning electron microscope before and after inadiation. For the cases 
of xenon ion irradiation, some parts of the surface were found to be smooth while other parts 
are rough i.e. the surface is partially amorphized. For argon ion irradiation, the surface was 
found to be completely amorphous. This result was confirmed by using Rutherford back 
scattering technique (RBS) figure (11). 

Fig ! I : the S E M image o f the diamond surface (a) before (b) after irradiation with , 2 , X e ions Ft = I 0 I S ion/crrf 
and " A r with Ft 8 x 1 0 " ion/cm ! 

Tunneling microscopy showed that, the samples of synthetic diamond (containing 
0.5% boron impurity which were irradiated with 210 MeV krypton ions with a fluence 
1012 ion/cm2) have pits and craters on the surface as a result of irradiation fig (12), these 
craters have diameter ~ 2 ran rising locally to 20 nm. From the diameter distribution of the 
pits and the theoretical model of the ion track size, it could be concluded that, the 2 nm pits 
are caused by single ions, while the greater pits are representing multiple ion impact at the 
same position on the surface. 

The surface density of these craters coincides with the intensity of the ion fluence. 
This enables us to assume that each crater is caused by an individual ion. The inelastic energy 
loss (dE/dx),„Ci and the bombarding ion free path Rp are determined by the computer program 
TRIM-90 

The formula characterizing the temperature inside the track is: 
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T=(dE/dx)ilKl/7tR2iCiPi (4) 

Where, R, is the radius of the ion track, Ci the heat capacity and pi is the density of the 
diamond. 

Fig 12: characteristic profile showing ion tracks 

On the basis of the published experimental results and the results received in the 
present work a track structure model was developed figure (13). The interaction of high-
energy heavy ions (more than 1 MeV/nucleon) with condensed matter (dielectric and 
semiconductors) in case o f inelastic energy loss exceeding a threshold value leads to the 
creation of specific structure along the heavy ion path (this is die heavy ion track). The ion 
track is imagined as strongly damaged part with a small diameter - one ten Angstrom along 
the heavy ion path and the so called "coat" with diameter of the order of 100 Angstrom. The 
temperature was also determined along the ion path and its diameter distribution on the 
account o f energy. The proposed model not only interprets the track formation but also 
explains the amorphous structure of the surface(l l>. 

In the flow of the current investigation, it is useful to introduce the critical power 
density concept. This is the power density characterizing each material and denoted by (W,.,.) 
I r the power density fetched by the bombarding ion ( W ^ ) exceeds this value, then the 
material will intensively evaporate from the surface of the sample. This quantity is: 

Wcr = (Xi Levap XtupPiVJ^eup (5) 

The track formation conditions in diamond are: 

W ion>>WerandT1>Tmel (6) 

where, Ti is the temperature in the track and TTOi is the melting point of the target material. 
These are the track formation criteria. 

The silicon single crystal was investigated. Both n-type silicon doped phosphor and 
p-type silicon doped boron was studied ( l2). This has been achieved by measuring the 
reflective index, the spreading resistance, die sheet resistance, die x-ray diffraction technique 
and optical microscopy with selective etching. 
In case of irradiating silicon samples with 13.6 MeV boron ions there appear damaged layers. 
The depth of these layers is measured using the spreading resistance measuring technique. 
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The depth of the boron implanted layer in silicon is the same for the fluence 8x l0 , } and 10" 
ion/cm is 22 pm for the non-annealed samples. For the annealed samples the maximum 
conductivity is reached for the depth 17-18 fim for the fluence 
8x10" ion/cm2 annealed at 450 SC and 1000 °C.. 

more than 1 MeV / amu. 

The reflective index measurements of these samples showed an increase of 
amorphous phase. This indicates a maximum nuclear stopping of the boron ions at the depth 
18 |im. This agrees with the results obtained from the sheet resistance measurement On die 
basis of these results, the value of the width of the boron ion implanted layer is evaluated, (of 
course after thermal treatment). The experimental results show that, the period of the lattice 
constant increases with the increase of the bombarding fluence of the ions up to certain value 
(threshold fluence). In case of 46.3 MeV argon ions irradiation, the depth of the damaged 
layer is located al 14 jim from the surface. The crystal lattice constant restoration process for 
the case of isochronous annealing takes place in two stages. The first stage for the temperature 
interval 100-300 °C, while the second is 400-600 ®C figure (14), The annealing of intrinsic 
radiation defects in silicon (irradiated with 200 keV silicon ions) takes place in an analogous 
way. The first stage of annealing is connected with the annealing of die divacancies. The 
second stage is connected with the annealing of the multivacancy complex, which is created at 
the place of precipitation of vacancies as a rearrangement of defects during thermal treatment. 

Fig 14. the curve of restoration period of lattice at the isochronous silicon annealing SBD-10 [ I I I ] implanted by 
argon ions with the energy 46.3 MeV o- Ft=3xl0 l s ion/cm1 • Ft»3xl0"ion/cm*and A by silicon ions with 

energy 200 KeV. 
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The surface of the nickel-chromium stainless steel Crl8NilQTi was investigated 
before and after irradiation. Using the scanning electron and tunneling microscopes achieved 
this'" U). The irradiation procedure was carried out using 124 MeV xenon ions in the 
temperature range 400-650 °C and using the fluence 10l5-2,5xl016 ion/cm2. After irradiation it 
was found that, there are formed new structures on the surface. This needle structure was 
noticed for the fluencelO1® ion/cm2 and at the temperature 400 °C figures (15). The surface 
density of the needle structure depends upon the temperature. In case of increasing the 
fluence, the height of these needle structures increases and so does their surface density. 

Figl 5: photographs o f the surface o f C r l 8 N i l O T i steel irradiated with l n X e ions with an energy o f 124 M e V to a 
fluence o f Ft = 2 x 1 0 " ion/cm2 (3) , x5000. The irradiation temperature is 550 ° C 

From the photography and the used magnification scale of the microscope, one can 
estimate the mass of the material contained in the needle structure for a certain area of the 
surface. On the other hand, it is possible to determine the number of ions bombarding this 
area,. In this way, it becomes possible to determine the number of the target atoms (condensed 
on the surface after their evaporation which is due to irradiation) per one bombarding ion. 
The x-ray microstructure analysis shows that, the elemental composition of the surface 
changes. See (table 1). 

Table (I): Elemental composition of the needle structure formed on the surface of 
Crl SNilOTi specimen. 

Content Non irradiated area at 100% Irradiated area 100% 
Cr 17.188 10.711 
Mil 0.507 0.492 
Fc 72.817 83.337 
Ni 9.637 5.341 
Ti 0.403 0.218 

Total 100.0 100.0 

CONCLUSION 

The investigation showed that, polyethylene samples could be used for gamma ray detection 
in the dose range 102-10fl Gy. and for fast neutron detection in the interval 108-10 n/cm2. 
This could be useful for application in the field of radiotherapy, accidental cases, for 
measuring high dose in radiation technology. 

It is shown that, glass-containing K20 (in analogy with that containing Na20) could be 
used in gamma ray detection. This could be achieved by measuring the optical density as a 
function of the absorbed gamma irradiation dose. Such method is simple and exact besides the 
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results can be reproduced. Samples containing 16.6 mol % KjO could be used fbr gamma ray 
detection in the dose range 0.1-1.1 kGy. 

It is worthy mentioning that, the use of borosilicate glass as a thermoluminescence 
dosimeter revealed itself to be useful. Samples containing 0.4% UjOjby weight were found 
to be the most sensitive fbr gamma rays. They can be used to measure the gamma radiation 
dose in the range 10"'-104 Gy. TheUjOg fiee samples may be used to detect fast neutrons in 
the dose interval lOMl)5 n/om2. 

It is established that, polyvinyl alcohol (PVA) containing 15 and 20% Co or Ni 
impurity concentrations has the privilege of measuring gamma radiation dose in the range 
lO-'-KTGy. 

The micrahardness investigation of irradiated PVA indicated that, this physical 
parameter is the most interesting from the point of view of gamma ray dosimetry and 
radiation safety. These samples could be used to work out gamma ray detectors in the dose 
range 10"'-104 Gy. The microhardness technique is not expensive, non-toxic and it is based on 
direct measurement 

It is also shown that, the optical density of PVA samples containing different 
percentage of copper acetate impurity could be used for fast neutron detection in the dose 
range 10-108 n/cra2. 

The investigation of the PbjOj/polymer composite showed that, this composite is 
convenient for measuring gamma radiation dose in die range IC'-IO5 Gy. 

Both the high efficiency and sensitivity of thermoluminescertce detectors based on the 
amorphous GeS alloy in determining the gamma and the neutron irradiation dose is noticed. 
The detection limit is 10"I-2xl04 Gy. for gamma rays and 105-10!l n/cma fbr fast neutrons. 

The investigation of the surface morphology of diamond irradiated with high energy 
heavy ions allowed establishing the process of creating microstructure thin films of synthetic 
diamond, which is very prospective in nanoelectronic where high mechanical and thermal 
stability is required. 

On the basis of experimental results, a structural model was developed and proposed 
to characterize the interaction between heavy ions and the structure of diamond. This model 
was found to be generalized. 

It is shown that, the implantation of silicon with electrically active boron ions having 
the energy 1 MeV/amu leads to the formation of low laying conducting layers at different 
depth of the target along the heavy ion projective range. These layers keep their properties in 
case of thermal treatment.This result could be used in microelectronic technology. 

The results of investigating nickel-chromium stainless steel showed the formation of 
micro needle structure on the surface of the samples. The microstructure x-ray analysis 
showed change of the elemental composition of the surface. Such result must be taken into 
consideration for the long-term use of nuclear reactor. 
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