Analytical theory of electron-beam-induced damage in organic materials
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We calculate analytically the damage produced in a slab of organic material irradiated by an
electron beam as a function of electron energy. The treatment is based on a Boltzmann-type
transport equation. We assume that the damage is directly related to the number of carbon K-
shell ionizations produced by the electron bombardment. An acceptable agreement between

our calculations and experimental data is found.

L. INTRODUCTION

When energetic electrons impinge upon materials many
interactions take place which are related to the energy-loss
process of the incident electrons in the medium. One of the
effects derived from this electron-material interaction is the
electron-beam-induced damage, which becomes especially
important in organic specimens and polymers'? analyzed by
electron microscopy. This damage may produce a serious
degradation of the sample, in terms of a loss of mass, a loss of
its structural order (if any ), mechanical instability, and mo-
lecular alterations.® In fact, for many nonmetallic samples
there can be more potentially damaging events than poten-
tially information-producing events. Obviously, if the mech-
anism of radiation damage is known and understood quanti-
tatively, and not only qualitatively, more effective remedial
techniques may be applied to prevent some undesirable ef-
fects.'™

Several mechanisms responsible for the electron-beam-
induced damage of organic materials have been suggest-
ed,">>7 usually without quantitative evaluation. Recent ex-
periments by Howie ef a/.® find that for certain hydrocarbon
materials the damage correlates with the process of X-shell
ionizations of the carbon atoms. The existence of a sharp
threshold in the electron-beam energy dependence of the
measured data® exciudes outer-shell excitation as the pri-
mary damaging process in certain materials. The relation
between the &-shell ionization process and the resulting
damage is thought to be via Coulomb repulsion and chemi-
cal bond breakage of the multiply ionized atoms that resuit
when an inner-shell vacancy is filled by an Auger process.

For a guantitative understanding of the experimental
results, an analytical model is proposed in Ref. 8, valid for an
infinite irradiated target, which predicts a continuously in-
creasing damage production rate for increasing beam ener-
gies above a certain threshold. The experiments, however,
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were performed® with various slab thicknesses, and result in
a peak in the damage procduction rate for a given beam ener-
gy. This shortcoming of the theoretical description will be
remedied here. The analysis is based on a Boltzmann-type
transport equation for the path-length distribution of K-
shell events. The analytical method is presented in Sec. II
and in Sec. 111 we discuss some results.

. ANALYTICAL TREATMENT

In order to simplify the model of energy loss we assume,
as in Ref. 9, that the electrons of the medium contribute to
the energy loss of the beam in two groups: valence electrons
(of the carbon plus the hydrogen) and carbon K-shell elec-
trons. The validity of this separation of interactions between
outer and inner electrons is reasonable because the most in-
ternal elecirons contribute relatively little to the total stop-
ping power ( = 10%—15% of the total stopping power'’ for
electrons of energies = 10 keV incident on organic solids).

A complete description of energetic electron beams
slowing down in a medium, and the generation of inner-shell
ionizations, follows from the distribution function of the
(primary and generated) electrons in spatial, angular, and
energy variables. We undertake a more modest approach,
which allows, however, a quantitative comparison with ex-
perimental results.

The description is based on the path length distribution
of inner-shell ionizations, defined as follows. G{E,r)dris the
average number of carbon X-shell ionizations produced by
an incident electron of energy £ in the path length interval
(#,r + dr) slowing down in an infinite medium. To set up an
equation for this distribution consider an electron starting at
r = 0 with energy £ + dE and allow it to move a small path
length dR. The balance equation

doy (E,T)Y[6(r — dR)dr + G(E — Tr — dR)dr

daK(E,T))G(E,rde)dr, (1)
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contains, in the rhs, three contributions. The first two terms
inside the integral give the probability that a carbon K-shell
ionization occurs both in the interval dR, and in the path-
length interval (7, r + dr) due to the incident electron of
energy E-T, where T'is the energy transferred to a carbon K-
shell electron. The third term inside the integral takes into
accountt the fact that an electron which loses an energy 7'in
producing a K-shell ionization, generates a secondary elec-
tron with an energy (7-E ) which is potentially capable of
producing additional K-shell ionizations. K is the K-shell
ionization threshold energy. The fourth term gives the prob-
ability that in traveling dR the incident electron is slowed
down by the valence electrons in the medium but no K-shell
ionizaticns take place. In this latter case dR = dE /S, (E),
where S, (F) is the valence electron contribution to the
stopping power. do (E,T) is the differential cross section
for a K-shell ionization by an electron of energy £ with an
energy loss 7. The carbon density of the target is n-. The
straggling in the energy loss to valence-band electrons wili be
neglected. Retaining only up to first-order terms in dE and
dR, we obtain the following integro-differential equation:

_ dG(E,r)
ar
F
=ns | dop (ETYG(Er) — G(E—Tr)
Ex

OG(E,r}
JE

The average number of K-shell ionizations produced by
an electron starting with energy £ in a finite medium of
thickness ¢, G(E), is cobtained via integration of the path-
length distribution, G(£,r), along the electron path inside
the target

G(E) =§dr G{E,r). (3)

—G(T—Eg,r) =8(n) +S5,.(E) (2}

Note that the point where the electron starts its motion is
embedded in an infinite medium, and a correction for multi-
ple crossing of this surface should be made.

With the simplifying assumption

doy (E,T) = o (EYS(T — Ex )dT,

where E, is 2 mean energy transferred to the carbon K-sheil
electron, and assuming that the secondary electrons do not
contribute to further K-shell ionizations, integration of Eq.
(2) for ali values of r yields the differential equation derived
in Ref. 8:

dG_ (E)

S (E
v (E) o

=ne0x (E)
X[1+G (E—~Eg)—G,_(E)],
(4)
for G, (E), the average number of K-shell ionizations pro-
duced by an electron slowing down from an initial energy £
in an infinite medium. The function G, (E) increases with £
without limit.

lil. RESULTS AND DISCUSSION

Solution to the integro-differential Eq. (2} has been ¢b-
tained by using the method of spatial moments.'! The stop-
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ping power S\ (E) due to valence electrons is taken from
Ref. 12. The electron gas density is obtzined by considering
four electrons per carbon atom plus one electron per hydro-
gen, with a carbon density n. =0.0586 A~> for p-ter-
phenyl.® This gives a one-electron radius r, = 1.79 4,
{where g, is the Bohr radius). We have used for E; the
atomic carbon K-shell binding energy, 282 eV (Ref. 10},
although the average energy transferred in each ionization
may be greater.

Values of the X-shell ionization cross section, oy (£,
by electron impact, for different elements, are given experi-
mentally, semiempirically, and theoretically by many auth-
ors.'%'*14 The differential ionization cross section is taken
from Ref. 12.

To obtain the total number of K-shell ionizations, G(E},
the integration in Eq. (3) must be carried cver the “effective
thickness” of the slab for each energy, 7.4 (E), which is larg-
er than the film thickness ¢ due to scattering of the incident
electron, and has been estimated following Al-Ahmad and
Watt.!® The effective film thickness is comparabie to the film
thickness ¢ for the low-energy electrons, and the ratic
(t.e — t)/t decreases rapidly with increasing F, becoming
fess than a few percent for £> 5 keV. Figure 1 shows the
calculated values of G(&) for p-terphenyl, CH, (CgH,),.
Experimental values® of the electron-beam-induced damage
in p-terphenyl slabs {120 nm<#<200 nm} as a function of
the beam energy are alsc presented in this figure. Contrary to
previous claims,’? neither the experimental damage points
nor the predicted damage curve are proportional to the car-
bon K-shell ionization cross section. The process of target
preparation, measurement, and the relation between the
measured quantities and the associated damage magnitudes
is discussed in Ref. 8. As we can observe in Fig. 1, the agree-
ment between experimental and theoretical values is good in
the energy region we have studied, better in the shape of the
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FIG. 1. Average number of carbon K-shell ionizations as a function of the
incident electron energy for a finite slab of p-terphenyl. Closed circles: ex-
perimental data from F. J. Rocea (Ph.D. thesis, University of Cambridge,
UK, 1985). Full line: this work (¢ = 200 nm ), and dashed line: this work
(#= 120 nm). In both cases we have corrected the target thickness, ¢, for
electron scattering.
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damage curve than in its intensity.

At this point we consider the relation between the K-
shell ionization process and the damage mechanism. When a
K-shell electron is ejected, the vacancy it leaves is filled with-
in 10~ 17-107"2 s by a less tightly bound electron. This is
followed by the emission of an Auger electron, after which
the atom remains positively doubly charged; if the concen-
tration of doubly ionized atoms is large and their life time is
sufficient, the coulombic repulsion may be strong enough to
produce chemical bond breakage and, consequently, to alter
the structure of the specimen in a similar manner to the Au-
ger-initiated desorption of ions from surfaces'®!” or to the
formation of charged-particle induced tracks in solids.'®

i¥. CONCLUSIONS

We have proposed a transport eguation to describe the
damage, in a slab of organic material bombarded by an elec-
tron beam, as due to carbon K-shell icnizations originated by
the incident electrons plus the generated secondary elec-
trons. An acceptable agreement is found between the experi-
mental damage data® and the calculated number of K-shell
ionizations in the carbon atoms of p-terphenyl. The agree-
ment is better in the location of the maximurm of the damage
function than in its intensity. The disagreement at low ener-
gies (i.e., experimental data below the predicted values)
may be due to a concentration of the damage near the sur-
face.'®

Some improvements of the model may be obtained if we
incorporate the effects of electron backscattering and a more
realistic description of the stopping power through the di-
electric function of the medium. The ideas and procedure
developed in this work may be applied to other materials to
predict the production of damage as a function of beam ener-

gy.
ACKNOWLEDGMENTS

We are thankful to Dr. A. Howie for kindly supplying a
preprint of his work, Ref. 8, and for useful discussions, to Dr.

3107 J. Appl. Phys., Vol. 61, No. 8, 15 Aprii 1987

J. C. Ashley and Dr. F. Saivat for interesting correspon-
dence, and to the members of the Laboratorio de Quimica
Cuéantica (Universitat d’Alacant) for making their comput-
ing facilities available to us. Partial support came from the
following sponsors: US-Spain Joint Scientific Committee,
CAICYT, The British Council, . E. Juan Gil-Albert, Con-
selleria CEC Generalitat Valenciana, and Office of Health
and Environmental Research, under contract BE-AC05-
840R21400 with Martin Marietta Energy Systems, Inc.

'Y, E. Cosslett, J. Microsc. £13, 113 (1978).

2A. Howie, Rev. Phys. Appl. 15, 291 (1980).

*D. T. Grubb, Ultramicroscopy 12, 279 (1984).

“E. Knapek and J. Dubochet, J. Mol. Biol. 141, 147 ( 1980).

°R. H. Ritchie and M. Pope, Philos. Mag, B 48, 303 (1979).

SM. C. R. Symons, Ultramicroscopy 10, 41 (1982).

J. E. Turner, I. L. Magee, R. N. Hamm, A. Charttejee, H. A. Wright, and
R. H. Ritchie, in Proceedings of the Tth Symposium on Microdosimetry
(Harwood, Oxford, 198C). )

8A. Howie, F. J. Rocca, and U. Valdre, Philos. Mag. B52, 751 (1985);F.J.
Rocca, Ph. D. thesis (University of Cambridge, 1983).

°L. R. Painter, E. T. Arakawa, M. W. Williams, and J. C. Ashley, Radiat.
Res. 83, 1 (1980).

163, C. Ashiey, IEEE Trans. Nucl. Sci. NS-27, 1454 (1950).

" Littmark, Ph. D. thesis (University of Copenhagen, 1974).

12F. Salvat, J. D. Mariinez, R. Mayol, and J, Parcliada, J. Phys. D 18, 299
(19853,

BC. §. Powell, in Electron Impact Tonization, edited by T. D. Mirk and G.
H. Dunn (Springer, New York, 1985}, pp. 198-231.

“4G. Glupe and W. Mehlhomn, Phys. Lett. 254, 274 (1967).

YK. G.Al-Ahmad and D. E. Watt, J. Phys. D 17, 1899 (1984); note that the
corrected Eq. (1) in this reference is
v TNapZZ 2 e ”94(1-82)t2{1ni—-m_—4’7’zmp s (m’i—)zx} ~ 5}.

Amiv? A4 niy v

16p. E. Feibelman, in Inelastic Particle-Surface Collisions, edited by E. Tag-
lauer and W. Heiland, Springer Series in Chemical Physics, Vol 17
(Springer, New York, 1981), p. 104.

%3, E. Ramaker, C. T. White, and I. S. Murday, Phys. Lett. 824, 211
(1982).

R. L. Fleischer, P. B. Price, and R. M. Walker, J. Appl. Phys. 36, 3645
(1963).

A Howie (private commaunication ).

R. Garcia-Molina and A. Gras-Marti 3107

Downloaded 23 Jul 2002 to 134.105.248.81. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



