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Subplantation of the noble-gas ions He+, Ne+, Ar+, and Kr+ into graphite in the energy range of
10—150 eV with doses in the range of 1 —15 X 10' ions/cm has been studied by Auger electron spectros-
copy (AES) and computer simulations. A technique based on AES line-shape analysis has been em-

ployed to describe quantitatively the ion-induced damage to the lattice. The carbon ELL AES line
shapes and the AES spectra from subplanted Ne, Ar, and Kr were used to determine the ion penetration
thresholds E~, ion displacement thresholds E,h, and the lattice displacement energies Ed. The E~'s scale
linearly with the atomic radius of the projectiles. Defect production begins at E~, although these ener-
gies are below E,h. A mechanism for defect production at energies below E,h based on noble-gas inter-
stitials and lattice strain and distortion is developed. This process is modeled through the cHARMM

molecular modeling program and the TRIM classical trajectory simulation.

I. INTRODUCTION

The energy thresholds for penetration and defect for-
mation by low-energy ions impinging on surfaces is of
great importance for film deposition technologies such as
ion-beam deposition (IBD), ion-beam-assisted deposition,
and plasma deposition. In these technologies, low-energy
ions arrive at the surface of the substrate in the initial
deposition stage and at the surface of the film itself at
later stages of deposition. These ions may be incorporat-
ed into the solid where they may create strain and col-
lisional defects. These processes are generally not well
understood. Information available on the energy thresh-
olds at which such processes begin to occur is limited.
Interstitials due to insertion of the deposited species into
an existing matrix are probably the most common point
defects created at low deposition energies.

The critical low-energy values can be defined as fol-
lows. The minimum ion kinetic energy required for the
projectile ion (i) to penetrate below the. first atomic layer
of the surface is the penetration threshold E and (ii) to
cause displacements of lattice atoms is the displacement
threshold E,h. The kinetic energy acquired by a lattice
atom as a result of a collision must be above a minimum
displacement energy Ed for the lattice atom to be per-
manently displaced from its equilibrium site while leaving
a vacancy. Because of mass mismatch of the projectile
and lattice atoms, E,h & Ed.

Displacement energies Ed have been studied using

high-energy electron collisions for the last 40 years; such
data pertain to bulk displacements. A recent paper gives
an extensive table on such experimental Ed data available
for various elemental and compound solids. ' However,
there is very little data available for surface Ed's, even
though they could differ from those of the bulk. Also,
there is virtually no data measured from ion impact, al-
though Ed may vary depending on the mass and chemical
characteristics of the projectiles. For example, a heavy
projectile may remain in the vicinity of the Frenkel pair
it created, thereby influencing the recombination proba-
bility. Also, the projectile may lose energy through in-
elastic electronic interactions. In fact, the present study
was stimulated by such questions, i.e., whether or not
Ed's due to ions reveal such tendencies. The importance
of the Ed's for IBD processes has been recognized in par-
ticular for the case of the deposition of dense tetrahedral
carbon films in the subplantation model, which today is
considered to be the most likely explanation for the for-
mation of such films.

Measurements of penetration thresholds E for
different noble-gas ions on the same metal surface
(W( 100I ) show that E~ increases with increasing atomic
radii of the projectile and that it is sensitive to the surface
orientation. The significance of E in the mechanism of
film growth has been discussed in an early paper by Car-
ter and Armour. It is clear that the ion kinetic energy
may play two slightly different roles in IBD. (1) It in-
creases the mobility of the atoms at or near the surface,
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thereby enabling them to overcome energetic barriers and
form metastable compounds and/or structures. (2) It
propels the impinging ion beyond the surface layer and
allows nucleation and growth to occur in subsurface lay-
ers, i.e., subplantation. This latter process may be re-
sponsible for the high density of IBD carbon films and for
the excellent adhesion of IBD films in general. However,
process (2) will only occur if the ions have kinetic ener-
gies above E . Consequently, if the processes responsible
for the quality of a certain IBD film are related to process
(1) only, then kinetic energies below E~ may be used suc-
cessfully. In fact, the use of such lower energies may be
advantageous in order to minimize defects. The
minimum useful energy in this case will be determined by
the energy barriers which have to be overcome. Such
barrier energies are probably in the eV range. If process
(2) plays an important role, however, then kinetic ener-
gies above E are necessary; these thresholds can be
several tens of eV or higher.

The purpose of this paper is to determine the E, E,h,
and Ed values and the defect production rates R for the
noble-gas ions He+, Ne+, Ar+, and Kr+ impinging on a
graphite surface. In a previous paper, we have shown
that carbon KLL Auger line-shape analysis can be used
to measure defect production near the graphite surface
resulting from low-energy ion impact. The defect densi-
ty can be quantitatively assessed by introducing a shape
factor which describes the Auger line-shape changes ob-
served a few eV below the Fermi level. This method was
used to determine Ed and R as a function of ion kinetic
energy for low-energy Ne+. In this paper we will brieAy
describe this method of Ed measurement. Auger mea-
surements of (i) the carbon KLL line shapes resulting
from irradiation by the four noble-gas ions as a function
of ion energy and dose and (ii) the noble gases Ne, Ar,
and Kr subplanted in graphite will be presented. Some of
the Kr Auger data have been reported elsewhere. On the
basis of these data, we find E 's which scale linearly with
the atomic radii of the rare-gas atoms; only for ion ener-
gies above these E 's can Auger signals from the sub-
planted noble-gas atoms be observed. The E,h's, Ed's,
and R's are determined from this data. Defect produc-
tion is observed for all energies above E, even at energies
below Ed. A possible mechanism for defect production
at energies below the Ed which involves noble-gas inter-
stitials and lattice distortion of graphite in the surround-
ing area has been explored using the molecular modeling
code cHARMM. Results of these calculations show in-
creasing distortion of the graphite lattice with the in-
creasing atomic radius of the inserted atom.

II. EXPERIMENTAL METHODS

Highly oriented pyrolithic graphite samples (Union
Carbide Co.) were irradiated by low-energy, mass-
selected ion beams with current densities of = 1 p,A/cm
as described elsewhere. Auger-electron-spectra (AES) of
these irradiated samples were measured with a Perkin-
Elmer double-pass cylindrical mirror analyzer (CMA) in
the pulse-counting mode using 3 keV electron excitation

at a current density of = 1 mA/cm . The ion doses were
measured as time integrals of the ion current continuous-
ly monitored on the sample. Only graphite samples with
visibly perfect shiny surfaces were used. The pressure in
the deposition chamber during the AES measurements
was typically (2X10 Torr. No oxygen or other con-
taminants were detected by AES on the initial and/or
damaged graphite surfaces. Further details of the experi-
ments are similar to those described previously.

Each experimental sequence was started by measuring
the AES spectra of undamaged graphite in the 20—60 and
240 —300-eV regions. Next, a rare-gas-ion dose of about
D = 1 X 10' ions/cm with a given kinetic energy was
delivered to the sample and AES measurements were
made on both the graphite energy regions and the regions
expected for rare-gas signals. For each ion-irradiation
dose and for each AES measurement, the sample was ro-
tated into a position perpendicular to the ion beam and
the CMA axis, respectively. The ion doses were in-
creased until significant changes in the carbon KLL spec-
tra were observed, but not exceeding D =3 X 10'
ions/cm . Typically, five- to eight-dose steps were used
at each ion energy. The AES intensity ratios (rare
gas/carbon) were used to determine the E 's, with the ex-
ception of He, which is discussed in Sec. V B. Changes in
the carbon KLL line shapes were used to monitor the de-
fect production rate as described in Sec. III C.

III. EXPERIMENTAL RESULTS

A. Subplantation of noble gases into graphite

Neon, argon, and krypton trapped in graphite can be
detected by AES, providing a simple and effective method
for measuring the penetration thresholds E for these
rare gases in graphite. Since adsorption of these gases is
negligible at room temperature, any AES signal must
come from atoms which have penetrated into subsurface
layers of graphite and remain trapped. Figure 1 shows
changes in the AES intensity ratios Ne(KLL )IC,
Ar(LMM)IC, and Kr(MNN)IC as a function of ion dose.
In each case, a dramatic change in the noble-gas AES
yield is observed at a well-defined energy threshold.
Below this penetration threshold, i.e., at 30 eV for Ne, 42
eV for Ar, and 45 eV for Kr, no noble gases were detect-
ed in graphite. An additional kinetic energy of just a few
eV above these thresholds is sufficient for these gases to
penetrate the surface and accumulate in amounts which
are easily detected. It is very difFicult to quantify the
amounts of trapped noble gases, but it is estimated that
they do not exceed a few atomic percent.

Figure 2 shows AES intensity ratios for Ar/C and
Kr/C versus ion dose for various ion energies above the
penetration thresholds. Interestingly, the amounts of
these noble gases trapped in the graphite do not neces-
sarily increase either with the kinetic energy or with the
dose of the ions. It appears that the impinging ions may
be removing some of the noble-gas atoms already trapped
in the graphite.
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B. Direct evidence for defect production

Direct evidence for defect production in graphite can
be obtained from AES using the electron-diffraction
effects observed at low electron energies, although this is
neither a well-established nor well-understood area.
Three AES integral spectra, i.e., EN(E), in the 20—120
eV energy range are shown in Fig. 3. Since the large in-
elastic background at low kinetic energies makes it
dificult to obtain reliable spectra in this region, these
spectra were obtained by using 40 times the primary-
electron dose usually applied in order to improve the
statistics. A nine-point smoothing and fourth-order poly-
nomial background subtraction were used to enhance the
signal-to-background ratio. This treatment is not very
reliable for the assessment of the peak intensities; there-

0.04

fore, such information is not utilized. Spectrum a was
obtained on undamaged graphite with the CMA axis nor-
mal to the surface plane. The peaks at 26, 35, 44, 55, 66,
76, and 96 eV are characteristic for the undamaged
graphite surface; their intensities are extremely sensitive
to the alignment of the sample with respect to the CMA
axis. Spectra b and c were obtained after Kr+-ion bom-
bardment.

The structure in the spectrum shown as curve a in Fig.
3 is related to interference processes from the graphite
surface" and Coster-Kronig transitions in the graphite
valence band. ' When monoenergetic electrons are emit-
ted from a symmetrical lattice structure, they give rise to
an interference pattern which results in spatial anisotropy
of the ejected electrons. Detection of these electrons with
spatial resolution allows detection and recognition of sur-
face symmetry, as is common in low-energy electron-
diffraction (LEED) studies. In the case of a CMA with
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FIG. 1. AES intensity ratios below and above the penetra-
tion threshold. (a) Ne(KLL)/C(KLL), E~ =32.5 eV; (b)
Ar(LMM) /C(KLL}, E =43.5 eV (c} Kr(MNN)/C(KLL),
E~ =47.5 eV. The lines through the data points are drawn to
guide the eye.
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FIG. 2. AES intensity ratios vs Ar+- and Kr+-ion bombard-

ment dose in graphite. (a) Ar(LMM}/C(KLL ) and (b)
Kr(MNN)/C(KLL). The lines through the data points are
drawn to guide the eye.



D. MARTON, K. J. BOYD, T. LYTLE, AND J. W. RABALAIS 48

35'

ffj

C

20
I

40
I

60
I I

80 100 120

Lal
o

a

Electron Energy (eV)

FIG. 3. Low-energy AES spectra from (a) undamaged and
(b), (c) Kr+-irradiated graphite. Note the Kr MNX peaks near
44 and 60 eV and the Coster-Kronig peak at 99 eV. (b)
1.0X10"ionscm at 65 eV and (c) 2.5X10' ionscm at 100
eV.

its axis perpendicular to the surface, only electrons leav-
ing the surface near a single exit angle =42. 3 are detect-
ed. Such a restriction leads to interference patterns
which are observed as increased or decreased intensities
at specific energies related to the surface symmetry Any
deviation from the perpendicular geometry results in
broadening of the acceptance exit angle, which in turn
broadens the energy dependence. The observation of
these peaks at the perpendicular geometry provides a sen-
sitive tool for directly monitoring the existence and de-
struction of the surface symmetry. One can calculate
diffraction peak energies for graphite in the geometry
used in our experiments. Diffraction peaks at 26, 68, 74,
76, 78, and 94 eV energies are predicted, in general agree-
ment with the experiment except for the large peak at 35
eV. %'e believe that this peak results from a carbon
VV* V Coster-Kronig transition involving a doubly ex-
cited carbon atom. Such a transition can yield an elec-
tron with kinetic energy E =E —2E„,where E and E„
are the binding energies corresponding to the maxima of
the bonding and antibonding o. densities of states, respec-
tively. Since E =13 eV and E„=—10 eV, ' an AES en-

ergy of =33 eV is highly probable.
The spectra shown as curves b and c in Fig. 3 indicate

that Kr irradiation of the graphite surface destroys much
of the structure observed in the spectrum shown as curve
a; peaks due to subplanted Kr are also observed near 45,
62, and 99 eV. The 99-eV peak has been identified as a
Coster-Kronig transition which has only been observed in
the spectra of solid Kr. ' Although the interpretation of
the peaks in the 20—120-eV regio™ ay not be fully un-
derstood, the AES spectra can be used as "fingerprints"
to qualitatively follow the changes in the graphite struc-
ture. For this purpose, spectra obtained with much lower
electron dose than those shown in Fig. 3 will suffice if the
smoothing is followed by differentiation. Figure 4 shows
a series of such spectra in the 20—80-eV region, which in-
cludes the Kr MNX line. These spectra clearly show the
gradual disappearance of the graphite structure and the
increase in embedded Kr in the graphite. The repeatabil-
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FIG. 4. Derivative AES spectra from (a) undamaged graphite
and (b) —(g) 100-eV Kr+-irradiated graphite. The doses are (b)
1.0X10' cm; (c) 1.8X10' cm, (d) 3.4X10' cm, (e)
5.3X1Q' cm, (f) 8X1Q' cm, and (g) 1.2X10"cm

ity of the AES spectra in this low-energy region is rela-
tively poor because it is very sensitive to the precise align-
ment of the sample and the focus of the CMA. These
spectra were therefore evaluated only qualitatively, al-
though the observed changes are quite dramatic.

C. Defect-production-rate measurements

As we have shown previously for the cases of Ne+- and
C+-ion impact on graphite, ion-beam damage to the
graphite lattice leads to the development of a shoulder at
about 28O eV in the d(XE)/dE carbon KLL spectrum.
An example of a C KLI spectrum revealing such a shoul-
der as a result of Kr+ irradiation is shown in Fig. 5.
Such spectra were obtained after a nine-point smoothing
and five-point differentiation. Although these changes in
the carbon KLL spectra are small, they are fairly well un-
derstood and quite reproducible. The shoulder at 280 eV
in the carbon AES line is a result of changes in the ~ den-
sity of states due to development of disorder in the graph-
ite lattice. Such disorder disturbs the op™ p, -p, orbit-
al overlap and gives rise to a reduction of the pseudo-
band-gap between the m and ~* states. In the case of
point defects, nonbonding s and p orbitals can give rise to
a similar effective increase in the density of states in this
energy region. This feature reveals the ion-impact-
induced damage to the graphite surface, but does not dis-
tinguish between displacement defects and lattice strain
due to embedded noble-gas atoms.

In order to quantify the shoulder at 280 eV, we intro-
duced a shape factor ratio s =I/Io where I and Io are
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feet density, the slope of the shape-factor increase with
ion dose describes the defect production rate R. These
slopes are plotted as a function of ion energy for He+,
Ne+, Ar+, and Kr+ in Fig. 7. The slopes were calculat-
ed as least-squares linear fits to the initial regions of
shape-factor versus ion-dose curves, including the S=0
and dose=0 points. Thus the R values in Fig. 7 corre-
spond to the defect production rate at each energy in the
low-dose or initial-damage limit. Well defined thresholds
are observed in all cases.

IV. MOLECULAR MODELING CALCULATIONS
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I
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the AES intensities at the position of the 280-eV shoulder
and at the minimum of the derivative, respectively, as il-
lustrated in Fig. 5. According to our definition,

S =(s —sG)/sG .

Here s& and s refer to undamaged and damaged graphite,
respectively. The magnitude of the shape factor increases
with ion dose if the ion energy is sufficiently high. This
increase begins as a linear process as shown in Fig. 6 and
saturates as damage to the surface becomes extensive.
At low doses when few defects are created, the initial de-
fect production rate is expected to be independent of
dose; hence, the number of defects should be linear with
respect to dose. Since we observe a linear dose depen-
dence for the shape factor, which is a measure of the de-

Electron Energy (eV)

FIG. 5. Carbon KLL AES spectra of undamaged graphite
and graphite after a dose of 1.3 X 10"Kr+/cm at 100 eV. The
shape-factor ratios are calculated from the intensities shown in
the figure.

The molecular modeling program CHARMM (Ref. 10)
was used to model the noble gases in the graphite lattice.
This program was developed in order to find equilibrium
configurations of large molecules when the binding prop-
erties of the constituent atoms are known. We assumed
for these calculations that the sp character of the graph-
ite bonds does not change due to the rare-gas interstitials
and that these interstitials are not bound strongly to ei-
ther the carbon atoms or to each other. The program
uses empirical energy functions to model the macro-
molecular systems, and the energy is minimized with
respect to the structural parameters. We used the
CHARMM force field as implemented in QUANTA version
3 2 15

Graphite was modeled by five sheets of aromatic hex-
agonal carbon networks, each sheet staggered with
respect to its neighbors at the onset of the calculation.
The sheets were composed of 300 carbon atoms each,
with hydrogen atoms added at the edges to terminate the
dangling bonds. One of the peripheral layers represented
the surface and the noble-gas atoms were positioned be-
tween this layer and the penultimate layer. When more
than one noble-gas atom was used in the same calcula-
tions, e.g., two, three, or four neon atoms, these atoms
were initially separated by at least 10 A. In the process
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FIG. 6. Shape factors vs Ne+-ion dose at various energies.
The lines are linear least-squares fits to the data.
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FIG. 7. Defect production rates R vs ion energy for (a) He+,
(b) Ne+, (c) Ar+, and (d) Kr ions. The lines are logarithmic
fits to the data as described in the text.
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of energy minimization, the noble-gas atoms move to en-
ergetically more favorable positions and the graphite
sheets become deformed with noticeable bulges in the top
layer. If the calculation is allowed to go on for a very ex-
tended period of time, the noble-gas atom may find a way
to migrate out from between the graphite layers while the
graphite returns to its undeformed state. This is a trivial
solution of the energy-minimum problem. In order to
avoid this outcome, the calculations had to be terminated
after having reached a nearly stationary state in which
the noble-gas atoms move slightly around inside the
graphite model with practically no change in the energy
and/or shape of the system. The results reported here re-
late to such stationary states achieved typically after
125—175 iteration steps.

Figure 8 shows CHARMM calculation results for the
case of one, two, and three Kr atoms. The first layer ex-
hibits the greatest amount of distortion, with maximum
out-of-plane bending along the c axis of =1.1 A. When
two or three Kr atoms are inserted, the energy minima
are obtained when there is a single broad deformation un-
der which the Kr atoms are forced together in order to
minimize the layer buckling. The tremendous force re-
quired to move hundreds of graphite carbon atoms out of
plane compresses the noble-gas atoms. Since these atoms
cannot diffuse through the carbon layers, they assume

I Kr atom

close-packed arrays in order to minimize the C layer dis-
tortion.

The data obtained from similar calculations for the no-
ble gases from He to Xe is summarized in Fig. 9 as a plot
of first-layer bulge height versus the atomic radius of the
noble gas (van der Waals radii, according to Ref. 16).
From the linear fit, it appears that no deformation would
occur if the noble-gas radius were less than 99 pm. The
largest interstitial space between the layers of the graph-
ite lattice has a radius of 120 pm, suggesting that a
species of lesser atomic radius would not cause deforma-
tion. The actual limit may, however, be at a smaller
atom size because of the fact that the atom sizes depend
on the surrounding environment. It is known that in in-
tercalated graphite compounds the graphite sheets be-
come aligned, ' providing a larger interstitial site. Since
the CHARM program does not allow for such sheet align-
ments, our calculations relate to results for staggered
graphite sheets. It is possible that the shift of the carbon
sheets in intercalated compounds is related to electronic
and not merely steric effects or that more than just a few
percent of a monolayer rare-gas concentration would be
necessary to trigger the alignment. In either case, such
an effect may not be expected in the case of noble-gas in-
terstitials in our experiments.

It is remarkable that the deformation forces of the
graphite sheets result in close packing of the noble-gas
atoms. This process is limited by the repulsive forces be-
tween the noble-gas atoms. It results in an equilateral tri-
angular arrangement in the case of three noble-gas atoms
and a rhomboidal arrangement in the case of four noble-
gas atoms. For a given noble gas, the interatomic dis-
tances between the noble-gas atoms are the same for the
case of two, three, or four atoms and these distances are
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FIG. 8. Molecular modeling simulation for Kr atoms sub-
planted between the first two layers of graphite. The solid cir-
cles represent the noble-gas atoms. The distances between the
atoms is subject to distortion due to the planar representation.
Note the large distortion of the first carbon layer in the form of
a bulge due to the subplanted atoms.
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FICx. 9. Distortion bulge heights of the first graphite layer

from calculations similar to those illustrated by Fig. 8 due to the
presence of various noble-gas atoms between the outermost lay-
ers. The dotted line is a linear least-squares fit to the single-
atom data. The zero bulge intercept at 99 pm indicates the
noble-gas atom size that would not cause a bulge.
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less than the interatomic distances in the crystalline
forms of the gases. For example, the nearest-neighbor
distance in a krypton crystal is 385 pm, but in graphite
the calculated Kr-Kr distance is only 276 pm.

V. DISCUSSION
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A. Penetration thresholds E~

Measurements described in Secs. III A and III B show
that the same thresholds which were observed for the
penetration of each noble-gas species into graphite ap-
pear also to be thresholds for defect production. The
same conclusion is evident from the comparison of Figs.
l(a) and 6; this conclusion holds for both Ar and Kr as
well. We will show later that these E 's are at lower en-
ergies than the E,h's; hence, defect production by pro-
cesses other than displacement must be considered. Such
processes can be lattice distortions due to penetration and
trapping of noble-gas atoms in the lattice.

The penetration thresholds E found in this work are
summarized in Fig. 10 as a plot of E versus the atomic
radius of the noble-gas ion. Data based on AES evidence
for noble-gas penetration into the graphite, such as
shown in Fig. 1, are used for the cases of Ne, Ar, and Kr.
These penetration thresholds in all these cases coincide
with the onset of defect production in graphite as data
based on carbon line-shape analysis show (c.f. Fig. 7). In
the case of He, the subplanted gas cannot be detected
directly by AES, but the carbon-defect production data
are available, providing a penetration threshold of 20—25
eV. This conclusion is based both on data in the 20—60
eV region similar to those shown in Fig. 3 and on carbon
KLL line-shape changes. The least-squares straight line
through the penetration threshold data in Fig. 10 allows

one to determine an extrapolated value of 75 pm for the
atomic radius of an atom for which E =0; i.e., no energy
is expended for such an atom to penetrate the graphite
lattice. Hence a projectile with an atomic radius (75 pm
can penetrate the graphite lattice with no extra energy,
provided that the interaction between this projectile and
the carbon lattice is negligible. In the present work, we
were unable to check the validity of this conclusion, but
it appears to be quite reasonable. The carbon atoms in
the graphite lattice form hexagonal rings with hollow
centers of radius 77 pm; i.e., the size of a carbon atom.
Ions with lesser radii should be able to travel through
such rings without impediment.

B. Displacement thresholds E,h and displacement energies Ed

Comparison of Figs. 2 and 6 shows that the processes
revealed by these two types of measurements are quite
different. In Fig. 2 we observe rare-gas penetration and
capture as a process which quickly saturates with both
ion dose and kinetic energy. In Fig. 6 we observe a pro-
cess which intensifies with both ion dose and kinetic ener-
gy. This latter process is production of displacement de-
fects. In order to elucidate this phenomenon, we use the
summary of data presented in Fig. 7.

The energy dependence of the defect-production-rate R
data for different noble-gas ions (Fig. 7) reveals some
significant differences in the collisions of these ions. It
appears that the overall R in the case of He is less than
that of the other noble gases investigated. We have car-
ried out TRIM calculations' in order to clarify this situa-
tion; the results are shown in Fig. 11. The main
difference between He and the other noble gases is that
He penetrates significantly deeper into carbon. Thus,
even though the number of total displacements is similar
[cf. Fig. 11(a)]; the number of displacements, and perhaps
any other defects, in the top 10 A is different [cf. Fig.
11(b)]. Since we use AES to detect the defects and since
AES is very surface sensitive (for carbon KLL electrons
the attenuation length is =5.5 A), this difference in the
projected ranges results in a lower sensitivity of our mea-
surement for He compared to the other noble gases.
This, in turn, results in less reliability of the He data than
the other data in Fig. 7.

In evaluating the defect production data of Fig. 7, we
followed standard procedures which have been well es-
tablished for the case of electron-impact displacement en-
ergy measurements. We have previously described these
procedures and will repeat them here only briefly. The
defect production rate R can be related to the probability
of collisional defect production P, the projectile kinetic
energy T, and the collisional cross section o. by the ex-
pression'

100 150 200

Atomic Radius (pm)
R= f P(T) dT . (2)

FICr. 10. Penetration thresholds of rare gases in graphite as a
function of the atomic radius of the rare gas. The dotted line is
a linear least-squares fit to the data. The zero intercept at 75
pm indicates that an inert atom of this size could penetrate into
graphite without expenditure of kinetic energy.

This expression is based on the assumptions that de-
fects are detected in numbers proportional to the defect
production rate and that they are independent of time
elapsed since the defects were created and T has been ex-
pended. In order to evaluate expression (2), one has to
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region centered at the threshold). Again, since the pre-
cision of our data is insufficient to distinguish between
these possibilities, we adopted the simpler approach.
Logarithmic fits are relatively easily made to the Ne and
Ar data [Figs. 7(b) and 7(c)]. These fits yield E,i, =37.0
eV for neon and E,h =47.3 eV for argon with r =0.9902
and 0.9913, respectively. Because of the mass difference
between the projectile M, and the target M2, the energy-
transfer factor y and the displacement energy can be de-
scribed by

C
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o.o
o 1.0
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Uo

0.8U

0.6
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/
Ar

~/

/
//

/

Kr .'
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set up a model for the processes including the collisional
cross section and defect production probability. The col-
lisional cross sections are not well known in the very-
low-kinetic-energy range. We employed the Lindhard
power potential in order to retain the advantages of an
analytical solution. According to this approach,

der(T)-E T 'dT, (3)

where m =0.2 yields a relatively good fit to the
Biersack-Ziegler universal potential. ' Calculations were
carried out with m =0.2 and 0. The latter value leads to
a simple logarithmic curve for R, provided that the prob-
ability is a step function. Since the scatter of our data
does not permit us to distinguish between these two
choices of m, the simpler solution with m =0 was used.

The defect creation probability, according to the usual-
ly used assumptions, is either a simple step function
(P =0 below threshold and P = 1 above threshold) or a
linear transition region (P varies from 0 to l over a finite

lon Energy (eV)

FIG. 11. Total displacements or vacancies created in graph-
ite by noble-gas ions of various energies as calculated by TRIM89.
Full cascades were generated and 33 eV was used as the input
displacement energy of graphite.

and

y=(4MiM~)/(Mi+M2) (4)

Ed =yE,h .

The atomic radii, penetration and displacement thresh-
olds, energy-transfer factors, and displacement energies
are summarized in Table I. Apparently, the differences in
E,h for Ne and Ar are compensated by the energy-
transfer factors to yield Ed's which are only about 1 eV
apart. Also, in the case of Ne and Ar, the E 's are only
slightly lower than the E,h's. If one would assume that
the same is true for the case of Kr, then Ed in that case
would appear to be much lower than in the case of Ne
and Ar. Moreover, the logarithmic fit to the Kr rate data
of Fig. 7 would be quite poor. Considering the noticable
discontinuity in the Kr rate data of Fig. 7 near 80 eV, it
appears to be a better assumption that in this case E,h is
significantly above E due to the very low energy-transfer
eSciency y. With this assumption, the data for E (80
eV were excluded from the fitting procedure in the Kr
case. This leads to a satisfactory logarithmic fit (regres-
sion coefficient r =0.9832) and an Ed value which is
close to the values obtained for Ne and Ar. According to
this interpretation, the defect production for E ( 80 eV is
due to a process other than direct displacement, such as
the lattice distortion described in Sec. IV.

The He rate data (Fig. 7) are of relatively poor quality
because of the small amount of damage. The onset of
measurable defect production is in the 20—25-eV range.
If one had only this information, a logarithmic fit to these
data would yield a very low E,h and Ed, although it is an
extremely poor fit to the data. We are unaware of any
physical process for the He case which would lead to
such an exceptionally low Ed value. We can, however,
assume an approach similar to that of Kr and use only
the results at higher energies. On this basis we obtain a
reasonable fit (r =0.9248) along with E,„andEd values
in broad agreement (Table I) with the other noble gases.

TABLE I. Summary of the penetration thresholds E~, displacement thresholds E,h, and displace-
ment energies Ed determined herein along with atomic radii and mass-transfer factors y.

Rare gas

He
Ne
Ar
Kr

Atomic radius
(A)

1.40
1.54
1.88
2.02

(ev)

22.5+2.5
32.5+2.5
43.5+1.5
47.5+2.5

Eth
(eV)

40.0
37.0
47.3
80.8

r
(eV)

0.75
0.94
0.71
0.44

Ed
(eV)

30.0+1
34.7+ 1

33.6+1
35.3+ 1
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We emphasize that the precision of the He data is
insufficient for drawing further conclusions. The merit of
this evaluation is that it shows that all of our data can be
consistent with a single model for defect production due
to penetration at lower energies and displacement above a
unique threshold.

Earlier displacement energy studies on graphite found
Ed -—33 eV (Refs. 23 and 24) and no differences in the sur-
face and bulk Ed's. Our average value of Ed(ave)

34.5 eV is slightly higher, although the addition of
more data herein has resulted in a lower figure for Ne
compared to our previously published value of Ed =35.3
eV. We found no clear trend for a mass dependence in
the Ed values.

The changes in the carbon XVV spectra are due to
shifts in the ~ energy levels and density of states in
graphite. This effect can be caused by point defects or by
buckling as predicted by the molecular modeling calcula-
tions. However, it is not excluded that a similar effect
might arise from other processes, such as the alignment
of the carbon planes, while preserving planarity as in in-
tercalation. There is, however, direct evidence for the ex-
istence of the clustering effect predicted by the molecular
modeling. We found distinct similarities between our Kr
MNX spectra from the gas embedded in graphite and
spectra observed from solid krypton' ' at low tempera-
ture. The minima at 46 and 63 eV in Fig. 2 and the
Coster-Kronig transition at —100 eV are all characteris-
tic of solid Kr. Since the Kr-Kr attraction energy is
&&kT at room temperature, this clustering must be a re-
sult of the forces exerted by the carbon lattice. The sim-
plest explanation for this is the buckling predicted by the
CHARMM calculations.

ions to penetrate below the graphite surface can be
detected by AES. The measured E 's increase linearly
with ion radius from 22.5+2.5 eV for He to 47.5+2.5 eV
for Kr. The E for He is measured as the onset of ion
damage, which in all other cases coincides with E .

(ii) Direct evidence for ion damage can be obtained
from analysis of the low-energy (20—60 eV) AES spectra,
where symmetry-related peaks appear from the undam-
aged graphite.

(iii) Detailed analysis of the carbon XVV transition al-
lows quantitative analysis of the defects and the defect
production rate. The experimental data were found to be
consistent with a displacement energy value of
Ed=34. 5+1 eV, which is independent of mass for Ne,
Ar, and Kr. The He data are not sufficiently reliable for
quantitative comparison. The defect production rates ex-
hibit a logarithmic increase with increasing ion energy,
with some notable deviations in the low-energy region.

(iv) These results indicate that defects are produced at
ion energies that are sufficient for penetration, i.e., E,
but insufficient for causing collisional damage in the form
of atomic displacements, i.e., below Ed. A plausible
mechanism for such defect formation is the strain of the
lattice resulting from interstitial rare-gas atoms.

(v) The mechanism of lattice strain was explored
through CHARMM molecular modeling calculations.
These calculations indicate an increasing distortion, in
the form of a bulge in the carbon layers, with increasing
atomic radius of the subplanted ion. It also suggests the
formation of dense phases of the noble gases, simulating
solid phases, due to the large forces exerted on the sub-
planted gases by the graphite layers in their attempt to
remain planar.

VI. SUMMARY

Direct irradiation of graphite surfaces with low-energy
noble-gas ions coupled with AES line-shape analysis has
been used to probe penetration and defect production
thresholds and defect production rates for low ion doses.
The most significant results can be summarized as fol-
lows.

(i) The minimum energy E required for the noble-gas
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