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ABSTRACT  
Recently, many products made of functional polymers have been developed and used 

in many fields. Radiation induced graft polymerization is one of the production methods 
for a functional polymer; it is applied to make industrial products. The method can be 
conducted with ion beams, and we have studied the ion beam induced graft polymerization 
method. If a polycarbonate substrate is irradiated by a heavy ion beam, a conductivity part 
is introduced in the substrate. We apply these methods using ion beams to produce a 
functional polymer. This study investigates the introduction of conductivity to the 
polycarbonate substrate irradiated by heavy ion beams. 

A tandem accelerator at Kobe University was used for the ion beam irradiation in this 
study. Polycarbonate plate was set on the sample holder, and was irradiated by heavy ion 
beams, such as Cu+, Ag+, and Au+. The energy was from 200 keV to 1000 keV. The 
resistance of the sample was measured by an in-line four-point probe. For example, the 
conductivity was 2.7 S/m for 500 keV Cu+ ion beam irradiation at the fluence of 5×1016 
cm-2. The dependence of the conductivity on the ion energy and the fluence was measured, 
and the dependence was discussed. 

Depth profile of the heavy metals in the sample after irradiation was measured by 
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Rutherford back scattering spectroscopy analysis. The heavy metals did not exist from the 
surface to the ion range. Oxygen lost was investigated at the surface of polycarbonate 
sample. Molecular orbital calculations with GAMESS code, an ab initio quantum 
chemistry package, was conducted, and the relation between conductivity and the 
structure of the polymer was discussed. Overlap of the electron clouds was confirmed for 
the oxygen lost polycarbonate sample. 

 
Keywords: heavy ion, irradiation, polycarbonate, graft polymerization 

 

1. INTRODUCTION 

Recently, many products made of functional polymers have been developed and used 
in many fields. To produce those polymer materials, radiation such as electron beams, ion 
beams, gamma rays, UV radiation, and neutrons can be used. Radiation induced graft 
polymerization is one of the methods used to made a functional polymer, and is applied 
to make industrial products. Generally electron beams are utilized for this method, and 
ion beams can be also used for this applications (Betz 1995). In our laboratory, we have 
conducted the radiation graft polymerization method with ion beams (Taniike 2011, 
Taniike 2014), as ions have large LET (short range) compared with electrons with the 
same energy. When a substrate is irradiated with an ion beam, many radicals are generated 
from the surface to the range. After graft polymerization, the graft chains are produced at 
the surface to the range. The ion beam graft polymerization method can produce some 
kinds of graft chains with a functional base. In our laboratory, an application to thin film 
diagnostics was studied (Taniike 2015). 

Much research has been devoted to polymer irradiation and dope with heavy ion (Deka 
2013, Yue 2016, Bougharraf 2016, Himanshu 2011, Asad Ali 2010, Abdelrahman 2016). 
The substrates are various solid polymer electrolytes, a dielectric devise, and the radiation 
are also various. The characteristics of the polymers in these studies were analyzed with 
the methods such as FTIR, UV-Vis. spectroscopy, photoluminescence measurement, XRD, 
electrical conductivity, dielectric constant measurement, etc. In these studies of ion beam 
irradiation, a various kind of ions are used. For example, the substrates are poly(ethylene 
oxide) / montmorillonite irradiated by 90 MeV O7+ (Deka 2013), polyimide irradiated by 
60-110 keV proton (Yue 2016), polyvinylalcohol films doped by 4-
dimethylaminobenzonitrile irradiated by UV (Bougharraf 2016), conducting polymer 
PANI-PVA irradiated by 150 keV Ar9+( Himanshu 2011), Lexan polycarbonate irradiated 
by 95 MeV O6+ (Asad Ali 2010), and polyvinyl alcohol irradiated by low energy electron 
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and nitrogen (Abdelrahman 2016). 
  An introduction of conductivity into polycarbonate (PC) substrate irradiated by Cu ions 
was studied by V. Resta et.al (2013). The energy is 1 MeV. The fluence of Cu ions were 
up to 1017 cm-2, and was much larger than experiments in earlier references (Deka 2013, 
Yue 2016, Bougharraf 2016, Himanshu 2011, Asad Ali 2010, Abdelrahman 2016). If a PC 
substrate is irradiated by a narrow ion beam, a narrow conductivity part can be introduced 
in the substrate. When we produce the functional polymer with ion beam technics, the 
region is applicable for conduction between two functional parts. In this study, PC samples 
were irradiated by heavy ion beams, such as Cu, Ag, and Au. The energy was up to 1 MeV, 
and the fluence was up to 1018 cm-2. The depth profile of ions in the irradiated sample 
were analyzed by RBS. The conductivity of the irradiated samples were measured by four-
point probe, and the dependence on the incident ion energy and the fluence are discussed. 
The oxygen density near the sample surface decreased, and the decrease (loss) is regarded 
as a cause of the electrical conduction.  

 
2. EXPERIMENTAL 

A PC plate, 30 × 50 × 1 mm, was irradiated with Cu+, Ag+, and Au+ ion beams generated 
by the 1.7 MV tandem Pelletron accelerator at Kobe University (model 5SDH-2, NEC). 
The energy was ranging from 200 keV to 1000 keV. The irradiation was conducted in two 
chambers installed in the P15 beam line and M15 beam line. Because heavy ions are heavy, 
there is a 15 degrees bending limitation by a magnet. For example, an irradiation with Au 
ion up to 300 keV can be conducted. PC was set on the rotatable holder at M15 chamber, 
as shown in Fig. 1 (a). An irradiation section on the PC was restricted by an aperture 
whose diameter was 5 mm. The holder can rotate, and the beam spot observed a 
luminescence of polyethylene film with a camera. The ion beam current could not be 
measured correctly in this experiment. The current was measured at an aluminum part. 
Integrating the current over the irradiation time, the fluence was obtained. The current was 

ranging from 10 to 300 nA and the fluence rate was 2 - 7 ×1013 cm-2s-1. In the experiments 
at P15 chamber, the ion beam was focused in 1 mm diameter by Q lens system. The target 
holder can move in x, y direction in m step as shown in Fig. 1 (b). A line section, 1 × 5 

mm, was irradiated by moving the target. The current could be measured in this system.  
RBS experiment was also conducted in the P15 chamber. The probing beam was 2 MeV 

He2+ and the diameter was 1 mm. RBS spectrum was measured by SSD, and the solid 
angle was 0.684 msr. A copper sheet, a polyethylene film, and a gold plate were set on the 
holder, and these were used for the energy calibration in RBS analysis. 
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  The resistance of the samples was measured by an in-line four-point probe. Because 
the irradiated section is too small, a commercial probe cannot be used. We manufactured 

a probe according to the JIS standard. A conductivity, σ, is calculated by the next equation. 

 𝜎𝜎 = 1
𝑅𝑅∙𝑟𝑟𝐶𝐶𝐶𝐶∙𝑡𝑡

 , (1) 

where R is measured resistance, rCF is correction factor for the shape of the conducting 
region, and t is depth of conducting area. The range calculated by SRIM code (Ziegler 
1985) is used as the conduction depth, t, and rCF is, for example, 4.5 for 500 keV Cu+. 
Some resistances are measured, and the average is used as R.  

 

(a) M15 B/L chamber                (b) P15 B/L chamber 

Fig. 1. Irradiation set up for polycarbonate plate at M15 beam line (a) and P15 beam line 
(b). 
 

3. Results and Discussions 
3.1. RBS analysis of the irradiated PC and ion ranges 

PC samples were irradiated by heavy ions, and the depth profile of heavy ions was 
measured by RBS analysis. Assuming the substrate as PC, the density profile was 
calculated from the RBS spectrum. The density profiles for 300 keV Au+, 500 keV Cu+, 
and 1000 keV Cu+ are shown in Fig. 2. The incident ion fluence are 4.9 × 1016, 7.4 × 1016, 
and 1.3 × 1017 cm-2, respectively. For comparison, the range was calculated by SRIM code. 
The number of the incident ions is 20000. The ion distribution of the experimental results 
are smaller than that of the calculations. Because heavy ions contained in the substrate 
and the stopping power in the substrate was different against pristine PC, the depth was 
calculated in a deeper region than the real depth. It is shown that the peak density of the 
heavy ions are about 1/10 of carbon density, and the heavy ion does not exist near the 
surface part. From this, it is considered that a metallic bond does not bring conductivity. 
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Fig. 2. Density profiles in PC substrates obtained from the experiments and SRIM 
simulations. The incident ions are 300 keV Au+, 500 keV Cu+, and 1000 keV Cu+.  
 

3.2. Conductivity of irradiated PC 
  The resistance of the samples was measured by an in-line four-point probe, and the 
conductivity was obtained by Eq. (1). The energy dependence of the conductivity is shown 
in Fig. 3. The value for large section irradiation (at M15 B/L) is smaller in one order of 
magnitude than for small section irradiation (at P15 B/L). It is considered that the 
irradiation is not uniform enough for the large section case and the correction factor is not 
precise enough for both cases. If conduction is caused by damage to PC, there is small 
energy dependence. This is because the stopping power for the same ion is almost 
equivalent. The result shows that the conductivity is large for small energy ions. In the 
case of Au and Ag ions, the conductivity is large. The large conductivity may be caused 
by the existence of heavy ions near the surface.  
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Fig. 3. Electrical conductivity dependence on the incident ion energy. 

 
Fig. 4 shows the dependence of conductivity on the ion fluence. The conductivity 

increases as the fluence increases, and the conductivity increases in orders above 1017 cm-

2. This tendency is consistent with the result in Ref. (Resta 2013). The conductivity gain 
occurred in smaller fluence as heavier ion irradiation. The reason can be explained by the 
difference of the stopping power, or a damage in the polymer. If one wants to obtain a 
sufficiently large conductivity part in PC, it seems that an irradiation of the fluence larger 
than 1017 cm-2 is needed. 

 

Fig. 4. Electrical conductivity dependence on the incident ion fluence. 
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3.3. Oxygen profile in PC 
Density profiles of heavy metal, C and O are shown in Fig. 5. Fig (a) shows the profiles 

for 500 keV Cu irradiation and (b) shows for 300 keV Au irradiations. A decrease of 
oxygen atom was observed from the surface to the ion range in the case of (b). In the case 
of Cu irradiation (a), the decrease was difficult to recognize in the depth more than 200 
nm, because O profile was overlapped with Cu and C profiles. This is the same for higher 
energy irradiations. Because the profiles were calculated as a pristine PC substrate, the 
density and the depth are a little different from true values. The oxygen density decrease 
in the depth from 0 to 200 nm compared with a pristine PC for Cu+ irradiation was plotted 
as a function of the fluence, as is shown in Fig. 6. The data suggests that the conductivity 
increases with a decrease in oxygen density except for 600 keV irradiation. The chemical 
structure of PC is shown in Fig. 7. A bond cleavage can occur at a weak bond caused by 
irradiation damage. The phenomena of a hydrogen loss in a polymer is well known 
(Taniike 2001). Phenyl ring or C-C bond has a large binding energy; those bonds have 
harder bonding than C-H or -O(C=O)O- bonds. Cleavage of C-O bond is described in Ref. 
(Asad 2010).  
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(a) 500 keV Cu+ irradiation 

 

 

(b) 300 keV Au+ irradiation 

Fig. 5. Density profiles for heavy ions, O and C for 500 keV Cu+ irradiation (a) 
and 300 keV Au+ (b). 
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Fig. 6. Electrical conductivity of PC as a function of decreased oxygen density. 

 
 

 

 

 
 

Fig. 7. Chemical structure of PC. 
 

3-4 MO calculations  
  Molecular orbital was calculated by a GAMESS simulation code, which is an ab initio 
quantum chemistry package. To visualize the results, the application ChemBio 3D Ultra 
(perkin Elmer) was used. Electron clouds of a PC (some molecule units) were calculated. 
Overlap of the electron cloud which indicates conductivity is not seen between the atoms. 
PC without the carbonate part, -O(C=O)O-, was supposed. One of the calculation orbitals 
on two molecule units are shown in Fig. 8. The electron clouds expand broader, suggesting 
conductivity. In the case of a benzene chain, some electron clouds are broader. Because 
the electron contributes to electrical conduction, it can be supposed that the loss of 
carbonate part by irradiation causes the electrical conduction in PC. 
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Fig. 8. A result of MO calculation for two PC molecules without carbonate part. 
 

4. Summary 
PC samples were irradiated by heavy ion beams such as Cu, Ag, and Au. The energy 

was up to 1 MeV, and the fluence was up to 1018 cm-2. The depth profile of ions in the 
irradiated sample were analyzed by RBS. The ranges were almost the same as the results 
of SRIM calculations. The electrical conductivity of the irradiated samples was measured 
by four-point probe, and the dependences on the incident energy fluence were discussed. 
The oxygen density near the sample surface decreased, and the decrease (loss) is regarded 
as a cause of the electrical conduction. The introduction of the conduction can be 
applicable to produce a functional polymer. 
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