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ABSTRACT 

The electronic and nuclear stopping effects produced by MeV ion bombardment in 
poiyvinylidine chloride (PVDC) and polyethylene (PE) are separated by stacking thin films of 
the polymers. The resulting multi-layer laminates of each polymer were bombarded with 3.5 
MeV aipha particles. The energy of the incident ions was selected, using TRIM, such that the 
first layers experienced most of the effects of the electronic energy deposited and the last layers 
received most of the effects of the nuclear stopping power. The changes in the conductance and 
the chemical structure of each layer were measured by direct resistivity measurements and 
Raman microprobe analysis. 

INTRODUCTION 

Polymers are becoming increasingly usefbl and, as such, their importance has increased very 
rapidly over the past years. Although they do not exhibit the wide range of electrical and 
optical properties exhibited by inorganic materials, their ease of production and relatively low 
cost make them suitable materials for modification by ion beams. 

It is known that. ion-beam irradiation of certain polymer materials leads to the formation of 
new carbonaceous materials which exhibit enhanced electrical conductivity and an increase in 
the optical absorption [ 1 -101. Changes in the appearance of the polymers after bombardment is 
attributed to the modification of the chemical bonds. It has been shown that the darkening is 
due to the increase in the absorption in the near W and shifts gradually toward the red region 
of the visible spectrum [l 11. Ion bombardment causes physical damage which includes breaking 
covalent bonds, scissoring polymer chains, cross-linking and releasing of volatile species. 

Studies have shown that ion-modified regions can be produced with enhanced mechanical 
and electrical properties as much as six orders of magnitude, owing to the rapid change in the 
structure of the polymers chosen [Z, 127. The formation of these regions is shown to be due to 
the electronic process during ion bombardment rather than the recoil process by nuclear 
stopping pnwer [!3!. The effects cmsed by the electronic md nuc!ess_r stopping cross-sections 
are inherent in ion-beam irradiation and are related to the energy loss of the incident ions as they 
traverse their target [14]. We decided to investigate the separate effects of these two stopping 
powers on the electrical and optical properties of two commercially available, relatively cheap 
polymers: polyvinylidine chloride (PVDC) and polyethylene (PE). 

EXPERIMENTAL PROCEDURE 

We selected the energy of the incident ions using the TRIM 93 [14] computer simulation 
code, such that the first layer experienced most of the effects of the electronic energy deposited 
and the last layer received most of the effects of the nuclear stopping power, illustrated in 
Figure 1. The dotted line separates the first layer from the second. 
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Fig. 1. Illustration of the electronic and nuclear stopping powers 
and the a energies which were determined by TRIM. 

Cear  plastic film samples of PVDC (trade name: Saran wrap) manufactured by the DOW 
Ckz:ical Company, LMidland, MI, and PE (trade name: Glad cling wrap) manufactured by First 
Brczds Corporation, Danbury, CT, were placed on aluminum substrates. Silicone grease held 
the 1 5 cm’ film samples to the substrate while allowing the films to shrink without breaking 
dui;zg the irradiation process. We stacked the aluminum substrates containing the 12.5 pm 
thicx P V D C  and the 10.5 pm thick PE samples respectively and oriented the stacks normal to a 
rasterea incident alpha beam. We employed a 3/4“ diameter circular aperture to ensure a 
uniform area of implanted He” ions on all samples. Irradiated samples received fluences of 
lo i4  m d  IO” ions/cm’ tiom the 3.5 MeV alpha-particle beams. We used low currents (-2 
nanoamperes) in the initial stages of the bombardment to avoid damage to the samples as a 
resuit or“ rapid heating. 

Changes in the electrical properties of each layer at the different fluences were studied by 
empioying direct resistivity measurements, while the chemical structures were analyzed by 
Razan  microprobe analysis. 

RESULTS AND DISCUSSION 

.-U?er bombardment some film samples became darker in color, depending on the fluence 
reczi.ed generally, the higher the fluence, the darker the film appears. PVDC showed a greater 
sensinviry to the irradiation, turning dark at lower fluences compared with PE and was 
coxiFlereiy black at IOl5 ions/cm’. PE, however, seemed more robust and possessed a 
tracspsrent dark amber color at l O I 5  iondcm’. This darkening has been attributed to beam 
indwed carbonization [ 15,161. 

rigure - 2 illustrates a behavior in the electrical properties similar to that previously obtained 
Erom xher ion-irradiated polymers [17]. There is a 1 to 2 order of magnitude reduction in the 
res:sri\xy at tluences of 5 ~ 1 0 ’ ~  ions/cm’ for the PVDC, which is a result of a change of phase in 
the zpianted area This phase change is an increase in the number of conjugated polymer 
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Fig. 2. Resistivity of PVDC and PE after 
a-irradiation to io", IO", 10" ionslcm'. 

Fig. 3. The clfcci of h i - t r c n i m c n t  iempernture 
on the electrical rcsisrn.ity of PF-resin. 

chains caused by the energy deposited in the ion track and results in the increase of free 
electrons, which enhances the electrical conductivity. In fact. it is enough to have only one 
modified region to change its phase and form a conjugated structure to suddenly decrease the 
resistivity. The figure also shows that at the same fluence, this phase change has not yet 
occurred in PE which shows more resistance to the effects of ion irradiation. The apparent rise 
in the resistivity of PE at 5 ~ 1 0 ' ~  ions/cm' is also exhibited by othcr ion irradiated polymers at 
lower fluences before the resistivity decreases drastically. We predict that PE would also show a 
significantly sharp drop in its resistivity at higher fluences. Figure 3 sho\r.s the relationship 
between the electrical resistivity and heat treatment temperature of polymeric carbon [ 181. The 
relative positions of the resistivities of the PVDC and PE, irradiated to IO" cm", are indicated. 

The Raman spectra of the irradiated PVDC and PE (Figures J and 5 )  contain two peak 
growths at around 1595 cm" (G-line) which is attributed to in-plane vibrations of aromatic 
layers as graphene structures are developed, and at 1350 cm'l (D-line), which is attributed to 
"disorder" in such layers [19], but could also be related to lower stiffness in bonds at the edges 
of aromatic layers. The DIG ratios for PVDC and PE are shown in Table 1. along with their 
resistivity values. The D/G ratios are generally higher in the second layers for each fluence 
received. This is attributed to the effects of the nuclear stopping ivhich accounts for most of the 
molecular dissociation and bond breakage, impiying greater disorder in the material. The first 
layers, having lower D/G ratios, tend to be more ordered as they experience only the effects of 
the electronic stopping power. Both PVDC and PE appear to haLee lou.er ratios in the second 
layers at 5 ~ 1 0 ' ~  iondcm'. We suggest that at these higher fluences. as the chemical structure of 
the polymer changes, the energies at which the electronic ei'fects dominate decrease and 
consequently increase for the nuclear effects. The first layers, at the higher fluences, experience 
greater effects of the nuclear stopping, resulting in molecular dissociation and bond breakase 
and hence greater disorder. 

The change in the deposited energy is also reflected in the consistent increase in the 
difference between the resistivities of the first and second layers for each fluence received by the 
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Fig. 1. Raman spectra from 3.5 MeV 
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Fig. 5 .  h r n n n  spcctra from 3.5 MeV 
a-irradiated PVDC films (5 x l O I 3  iondcm'). a-irradiated PE filius (5 s 10'' ionskm'). 

P\DC (TabIe I). The resistivity values for PE fluctuate too much to be of any significance at 
these iluences. However, PVDC promotes conjugation more readil!, loiver fluences than does 
PE . 

I1 t: 5 I I vi I y 
LAYER I D'G I (Q-crn) 

F'LUENCE 
(cm") 

iPvDc i s  1013 I 1 1 0.25 1 9 s 10'' 

2 0.94 6 5 Y 10" I 
5 x ioi4 i 1  0.78 I S 9 K I O ' "  1 
I 1 2 1 1.18 I 5 5 Y I O "  

- 2.2  s 10" 1 1 2  
5 x loi4 1 1 -  5 7 \ 10" 

r 
Table 1. D/G ratios and resistivity values for ion-irradiated 
PVDC and PE. 



L CONCLUSION 

The carbonized volumes were analyzed by Raman microprobe spectroscopy which showed 
that the strongest graphitic (G-line) and distorted (D-line) Raman signals observed were from 
the volume with the lowest resistivity. The resistivity results, along with the Raman’.D/G ratios, 
indicate that there are differences in the layers of each irradiated stack; differences that are 
attributed to the distinguishing effects of the electronic and nuclear stopping powers. However, 
the changing chemical structure of the PVDC and PE, during irradiation, causes the dividing 
line between E, and E,, in Figure 1 , to shift. 

ACKNOWLEDGMENT 

This project was supported in part by the Howard J. Foster Center for Irradiation of 
Materials at Alabama A&M University and Alabama-EPSCoR-NSF Grant No. EHR- 
9108761/STI-9108761. The work at the Surface Modification and Characterization facility at 
ORNL was sponsored by the Division of Materials Sciences, U.S. Department of Energy, under 
contract DE-AC05-960R22464 with Lockheed Martin Energy Research Corp. 

We thank the following people for their contribution to this project: 
Dale Hensley (Oak Ridge National Laboratory, Oak Ridge, TN), 
Dan Nisen (Physics Department, Alabama A&M University, Normal, AL), 
Robert Zimmerman (Physics Department, Alabama A&M University, Normal, AL), 
Eldereis de Paula (Universidade de SZo Paulo, Brazil). 

REFERENCES 

1. 

2. 

3. 

4. 

5 

6.  
7. 

8. 
9. 

10. 

D. Ila, A. L. Evelyn and G. M. Jenkins, Ion Beam Induced Carbonization of Partinib 
Cirred Phenolic Resin, Nucl. Instr. & Meth. B91, 580 (1994). 
D. Ila, A. L. Evelyn and G. M. Jenkins, Ion Beam Induced Graphitization of 
Phenoljorninidehyde, Mat. Res. SOC. Symp Proc. Vol. 321,441 (1994). 
A. L. Evelyn, D. Ila and G. M. Jenkins, RBS and Raman SpecPoscopy Sturfy of Heat 
Trearnieirt Effect on Phenoyorrnaidehyde Resin, NucI. Instr. & Method. in Phys. 
Research B85, 861 (1994). 
T. Venkatensan, R. Levi, T. C. Banwell, T. Tombrello, M. Nicolet, R. H a m  and A. E. 
Meixner in Ion Beant Processes in Advanced EIectronic Materials and Device 
Teclmoiog)?, edited by F. H. Eisen, T. W. Sigmon and B. R. Appleton (Mat. Res. SOC. 
Symp. Proc. 45, Pittsburgh, P A  1985) p. 189. 
C. J. Sofield, S. Sugden, C. J. Bedell, P. R. Graves and L. B. Bridwell, NucI. Instr. and 
Meth. B 67,432 (1992). 
Y. Q. Wang, R. E. Giedd and L. B. Bridwell, Nucl. Instr. and Meth. B 79, 659 (1993). 
M. S. Dresselhaus, B. Wasserman and G.E. Wnek, Mat. Res. SOC. Syrnp. Proc. 27,413 
(1 983). 
L. Caicagno and G. Foti, Nucl. Instr. and Meth. B 59/60, 1153 (1991). 
Y .  Wang, S.S. Mohite, L.B. Bridewell, R.E. Giedd and C.J. Schofield, J. Mat. Res. 8, 388 
(1 993). 
G. M. Jenkins, D. Ila and E. K. Williams in Po[vmeriInorganic Interfaces, edited by R. L. 
Opila, F. J. Boerio and A. W. Czanderna (Mat. Res. SOC. Symp Proc. 304, Pittsburgh, PA, 
1993) pp. 173-177. 



' ' 11. 

12. 

13. 

14. 

15. 

16. 
17. 

18 

19. 

J. Davenas and X. L. XU, Relation Between Structure and Electronic Properties of Ion 
Irradiated Polymers, Nucl. Instr. & Meth. B39 754 (1989). 

D. 11% A. L. Evelyn and Y. Qian, Proc. Mat. Res. SOC. Symp. Vol. 338,613 (1994). 

D. 11% A. L. Evelyn and G. M. Jenkins, Nucl. Instr. & Meth. in Phys. Res. B91, 580 
(1994). 
J. F. Ziegler, J. P. Biersack and U. Littmark, The Stopping and Range of Ions in Solih 
(Pergamon Press Inc., New York, 1985). 
C. J. Sofield, S. Sugden, C. J. Bedell, P. R. Graves and L. B. Bridwell, Nucl. Instr. & 
Meth. B67, (1992) 432. 
H-S. Jeoung and R.C. White, Mat. Res. SOC. Symp. Proc. Vol. 235, (1991) 787. 
D. Ila, et ai, Ion Beam Enhanced Electrical Conductivity in Polymers, Nucl. Instr. and 
Meth. B (1995). In print. 
G. M. Jenkins and K. Kawamura, PoIymeric Carbons - Carbon Fiber, Glass and Char 
(Cambridge University Press, 1976). 
R. Vidano and D.B. Fischbach, J. Am. Chem. SOC. 61, 13(1978). 

DISCLAIMER 
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bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or 
process disclosed, or represents that its use would not infringe privately owned rights. Refer- 
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manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom- 
mendation, or favoring by the United States Government or any agency thereof. The views 
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