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Electron-beam-induced fragmentation in ultrathin Cgq films on Si(100)-2x 1-H:
Mechanisms of cage destruction
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We demonstrate that irradiation of ultratiib-4 monolayerfilms of Cz, grown on S{100-2x1-H with 3.3
and 0.5 keV electron beams leads to substantial modification of the fullerene molecules and their ultimate
destruction. The fragmented fullerenes coalesce under continued electron irradiation to form an amorphous
material with graphitic local structure. No measurable desorption of fullerene or derived fragments is observed
under the irradiation conditions used. At electron doses below those at which complete fullerene destruction
occurs we observe evidence indicating polymerization, due to electronic excitation of the molecules, and
fullerene hydrogenation by atomic hydrogen liberated by the incident electron beam. An examination of
possible fragmentation mechanisms resulting from larger electron doses leads to the conclusion that decay of
electronic excitations into vibrational modes of the molecule is the most likely route through which cage
destruction occurd.S0163-182@9)02032-9

I. INTRODUCTION Il. EXPERIMENT

Experiments were carried out in a multichamber ultrahigh

It is the closed-shell structure of the fullerehésat leads  vacuum(UHV) system, consisting of analysis and prepara-
to their stability relative to other forms of carbon clusters.tion chambers and a fast entry load lock. The analysis cham-
However, as the very recent nature of their discoVattests, ber, base pressurex110”'°Torr, is equipped with a high-
they are far from abundant in the environment. It is nowresolution electron-energy loss spectromet&esmodel
known that the fullerene molecules may be destroyed under BK3000), a low-energy electron diffractioLEED) optics,
number of conditions, including irradiation by light in ambi- and an electron gun and hemispherical analy§&100AX)
ent atmospher&;® heating to elevated temperatufes®irra-  for Auger electron spectroscopyAES) measurements.
diation with energetic particles both in the sdficP?and in A high-flux electron gun(VG LEG63 was mounted on
the gas phas€ >3 absorption of photon¥*°and electron the preparation chambefwith a base pressure of 5
and/or photon stimulated reaction with other molecdlé€, <10 °Torr) and used to irradiate thes§thin films.
This sensitivity to a wide variety of environmental condi- The ultrathin G, films were grown on hydrogen-
tions is the most likely explanation of the lack of environ- Passivated $100) substrates. The substrates were prepared
mental abundance of the fullerenes, despite the discovery & Situ from n-type (p>150 cm)Si(100) samples about 12
a number of methods by which they may be produ¥e# X10mnt in area. After thorough degassing in UHV the

By the study of the conditions under which fullerenes de-Samples were flashed to 1400 K in the analysis chamber to
remove the native oxide. Hydrogen passivation was then

compose and the likely mechanisms by which this decompo-~"" o ) 5 ;

sition takes place, it i_s not _only possible to understand mor hcgﬁéi(igcztgfbgf?:ts'll'r;gfi?:mognlg (l))fu?ir?; f:; dlrcc))gezoer:(ggsure
complet_ely the way in which fullerenes are re_moved fromthe sample was held at a température of 600 K to suppresé
the environment but also the means by which they A§he formation of dihydride and trihydride phas8&xamina-

. . . . _49 . .
forr‘rg_tlald. D despltte %ree:jt mietrr? stin thr:s afeé, rﬂatlvﬁl.yrl]'tttlﬁ Ition of the passivated surfaces by LEED showed the forma-
IS still_ understood about the mechanisms by which e €lg,, of 5 (2x 1) surface structure. High-resolution electron-

egant structure of fullerene molecules can be destroyed, eveéhergy loss spectroscopflREELS characterization of the
though applications for irrgdiat'ion—damaged fullerenes havgrtaces confirmed the monohydride termination of the sur-
already been discoveréd:* This work focuses on the de- t5ce with spectra showing only losses associated with mono-
struction of o molecules by bombardment with light, rela- hydride species.

tively low energy particles—electrons. By the use of low- ~ High purity Gy, (99.9%, MER corporationwas thor-
mass, low-energy particles, damage by excitation obughly degassed in UHV before being sublimed onto the
electronic degrees of freedom in the molecule may be isosubstrates, alsm situ, from a home-built Knudsen cell held
lated from that caused by direct transfer of kinetic energy taat 425 °C. Typical chamber pressure during fullerene subli-
the nuclei® We have already demonstrated that fullerenemation was 10 °Torr. AES was used to determine
destruction can be brought about by irradiation of films withfullerene coverage by comparison of the ratio of th&. 8V

~3 keV electrong? A detailed examination of a larger set of peak at 92 eV with the &LL peak at 272 eV to that ob-
experimental results, considered together with those in thtained from a monolayer coverage ofgCon bare
literature enables us to suggest the most likely mean§i(100)-2x 1>

through which low-energy electron-induced fullerene cage Vibrational spectra were obtained with a beam endtgy
opening and destruction occurs. of 4.5 eV, with a resolution of 2.5-4 meV from an unirradi-

0163-1829/99/6(8)/592711)/$15.00 PRB 60 5927 ©1999 The American Physical Society



5928 HUNT, SCHMIDT, AND PALMER PRB 60

ated fullerene film(the disorder induced by electron irrada-
tion of the G films brought about a significant degradation
in spectrometer resolution, as discussed begldihe elec- (?
tronic excitations of the surface were measured at a beam
energy of 20 eV, with the resolution degraded to approxi-
mately 20 meV, in order to obtain a good signal-to-noise
ratio in the spectra in a reasonable space of time. The width
of peaks in HREEL spectra due to electronic excitations of
the G5, molecules are, apart from the vibrational fine struc-
ture of the exciton peaks, much greater than even the de- x0.05
graded instrumental resolution. Therefore, the peak shapesg

Intensity (arb. units)

6 10b0 2000 3000 40I00 5000
observed in the electronic excitation spectra suffer a negli-- Energy Loss (cm”)
gible contribution from instrumental broadening. For clarity
we shall refer to the spectra taken under conditions that lead-g
to high resolution from an ordered film as HREEL spectra, S,
and those taken with the settings appropriate for electronic 2
excitations as EEl(electron energy logsspectra. )

Ceo films were irradiated with electrons of 3.3 kel@.5
keV) incident beam energy with sample currents in the range £
12-50uA (0.3 wA). The electron beam was scanned auto-
matically over the entire sample surface in order to ensure
even irradiation of the films. No correction was made for
secondary electron emission from the surface, so that the
electron beam doses quoted must be regarded as approxi
mate.

(e)
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(c)
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Ill. RESULTS

3

(a)

A. Irradiation of multilayer C ¢, with 3.3 keV electrons 1 1 .

The effects of electron irradiation of a multilayer film of 0 1000 2000 3000 4000
Cgo are demonstrated in Fig. 1, which shows HREEL spectra -1
obtained in the specul@b5°, 559 geometry as a function of Energy Loss (F:m ) _
the integrated dose of electrons, which were incident upon FIG. 1. HREEL spectra fim a 4 ML-thick Co film grown on
the film with an energy of 3.3 keV. The 4 ML-thickggfilm Si(100-2x1-H as a function of total electron dose at 3.3-keV en-
was grown on a $100-2x1-H surface with the sample held "9y (8 zero; (b) 2.5x 1073_(23 Cm723_2© 7.5x10°°C C”f:? (d
at room temperature. Examination of the relative intensitied- <10 “Ccm = (€) 6x10 Clcm ; and(f) 22 Cem ™. The
of the vibrational modes in the spectrum obtained from the?Pectra were obtained in specular geomé’, 559 at a primary

as-grown film, Fig. ), indicates that the film is flat but °SaM energy of 4.5 eV, and are normalized to the elastic peak
. . Lo intensity. The spectrum obtained at the largest electron dose is

does not display long-range order. This observation is sup- . ) ) ; .
?own in an inset due to the substantial change in elastic peak shape

ported by .the absen.ce of a LEED pattern, but the presence §nd width which occurs after this degree of irradiation.
a well-defined, relatively narrow specularly reflected electron
beam. It is possible to increase the surface order in theseven with a relatively small electron dose. Upon irradiation
films by annealing at moderate temperaturesiowever,  of the film with electrons to a dose of 2303 Ccm 2 one
since long-range ordering is unlikely to play a significantimmediately observes a new vibrational band, Fith)lat
role in the fragmentation process and disorder will tend to~2910 cm*. The position of this mode corresponds to that
reduce electron channeling effects, it was decided to use thghich would be expected from C-H stretching vibrations in-
films in their as-deposited form. volving sp® hybridized carbon aton$.Contamination may
Figure 2 shows the electronic excitation spectra obtainete ruled out as the source of this new vibration: Test experi-
from the same film. The EEL spectrum from the pristine film ments, which involved irradiating a single spot of an identi-
shows the well-defined energy loss peaks characteristic afal fullerene film under exactly the same conditigrether
the Go molecule. The leading feature at 2.2 eV correspondshan rastering the electron beam over the sujfabewed no
to the excitation of transitions between the highest occupiedietectable changes in either electronic or vibrational excita-
molecular orbita(HOMO) and the lowest unoccupied mo- tions of the molecular film. If the C-H stretching vibration
lecular orbital(LUMO) of the fullerene molecule, both of arose due to the presence of hydrocarbon contamination
which arew-orbital-derivec?? The structure seen on the low- from the residual gases present in the chamber one would
energy side of the peak corresponds to excitation into disexpect to see it just by exposure of the surface to the same
crete excitonic states, which eventually converge to the bandnvironment without the effects of electron-beam irradiation.
edge. The broad peak at about 3 eV and those at 3.6 and 4Therefore, the C-H stretching peak arises from a disruption
eV can be attributed ter-7* transitions>? of the intramolecular carbon-carbon bonds of the fullerene
Irradiation of the G film brings about substantial molecules and the formation of new bonds involving hydro-
changes to both the vibrational and the electronic structuregen. The new carbon-hydrogen bonds may either arise from
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ecules may be significantly damaged, fragmentation occur-
ring in competition with the formation of §gH, .

Increased electron doses are accompanied by rapid further
evolution of the vibrational spectra, Figscl-1(f). As irra-
diation of the molecular film increases the relative intensity
of the dipole activeT,, vibrations at 527 and 575 cm
decrease still further with respect to modes that are dipole
forbidden (there are two other dipole activE;, modes at
1182 and 1475 cimt respectively® but the oscillator
strengths associated with these vibrations is such that they do
(6) not appear more intense than dipole forbidden modes except
in films with a high degree of long-range orderilg The
angular width of the specular HREELS beam, which pro-
vides a useful measure of the surface ordérfurther in-

(d) creases with electron dose, demonstrating that the surface of
the G, film begins to roughen under exposure to the electron
beam.
(¢ The reduction in the relative intensity of the dipole active
vibrations can be explained by disordering and/or a reduction
in the number of species that possess this mode. Comparison
(b) between off-specular spectra from pristine and irradiated
films should resolve this issue. The wider dipole lobe asso-
ciated with a disordered surface implies that, for a given
(a) o . geometry sufficiently off-specular, the relative intensity of
1 5 3 4 5 the dipole allowed transitions should be greater in a spectrum
from a disordered surface than from a pristine surface. If,
Energy Loss (eV) however, the off-specular spectrum from an ordered film pre-
_FIG. 2. EEL spectra from a 4-ML & film deposited on  gents a higher relative intensity for the dipole active modes
Si(100-2x1-H as a function of electron irradiation at 3.3 ke compared to the irradiated film this indicates that modifica-
zero; (b) 2.25<10 “Cem= () 7.5<10°°Cem % (d) 4 yio or destruction of the fullerene molecules has occurred in

x1072Ccm % (e) 6x10°2Ccm 2 (f) 2.2 Cem2. Spectra are . . ) ;
: S ’ : addition to disorder. Figure 3 shows spectra obtained from
° b " ; . .
obtained in the speculab5°, 559 geometry at a primary beam a) a pristine 4-ML film and (b) one irradiated to 3

energy of 20 eV. Spectra are normalized to elastic peak intensity, - AN . L .
exce%)t/(f) which is raultiplied by a factor of 0.2. P %10"2Ccm 2 with 0.5-keV electrongthe irradiation with

lower energy electrons will be discussed in more detail be-

low). One can clearly see that the relative intensity of the
the fragmentation of g molecules and the satisfaction of peak derived from the two lowest energy, modes is sig-
dangling bonds by hydrogen, or hydrogenation of intactnificantly weaker, in comparison to the dipole-forbidden
fullerene cages. The formation ofgl, (X up to 24 by  modes, in the off-specular spectrum of the irradiated film
hydrogenation of g, with atomic hydrogen has been ob- when compared with that of the undamaged film. This indi-
served both in solid film¥ and in cold matrices> Atomic  cates a likely reduction in the number of species exhibiting
hydrogen may be generated by the incident electron beaithese modes in the thin film and that fragmentation occurs in
either from the residual gases of the chamideydrogen addition to hydrogenation.
formed the dominant compongnor evolved from the inter- As well as the relative decrease in the intensity of the
face between the ggand the hydrogenated Si surface. As fardipole active modes upon irradiation mentioned above, the
as the former possibility is concerned, it is quite reasonabléigher energy region of the vibrational spectrum also under-
to assume that hydrogen from the ultrahigh vacuum ambiergoes a substantial evolution as a function of exposure to the
can diffuse into the fullerene film, as has been observed irlectron beam, Figs.(8)—1(e). The vibrational modes be-
condensed gas films at low temperatu¥esyhich thereby come noticeably broader, which may indicate a reduction in
provides the proximity necessary to allow reaction betweerthe symmetry of the fullerene molecules. In addition to the
fullerene moleculegor their fragmentsand atomic hydro- broadening of the vibrations in the 800—1800 ¢nmegion
gen liberated by incident electrons. Apart from the presencéheir relative intensities change dramatically. A strong, broad
of the extra modes associated with the C-H bond bottpeak appears at about 1300 chwith a weaker shoulder at
infrared® and neutron scatteringspectra of hydrogenated about 1570 cm'. The position and breadth of these peaks
Cgo are rather similar to those of pristine molecules. In Fig.makes it tempting to identify them with the Raman active
1(b), one can also clearly observe a small, but significantand G bands of amorphous carb8f especially as these
reduction in the relative intensity of the dipole-actiVg,  bands have been observed in the Raman spectrumgpf C
modes at 527 and 575 crhwith respect to those that are amorphized by Ar-ion laser irradiation under ambient atmo-
dipole forbidden, indicating that a measurable reduction irspheric condition§.Between these bands lies a sharp mode
the order of the surface region occurs. A disordering of thet about 1455 cit that may possibly be the Raman-active
film suggests that the carbon cages of some fullerene moA,(2) mode of G, shifted by overlap with the D-band”

Intensity (arbitrary units)
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v T T T served become weak and sit on a strong loss background
(@ decreasing in intensity with increasing loss energy. This low-
energy tail is very similar to that which has previously been
seen in HREELS studies of the graphi@®01) (Refs. 63 and

x20 64) surface, indicating that in the limit of high doses the
fullerene film has a graphitic local structure. The presence of
a broad vibrational loss at about 3000 chindicates that
hydrogen remains included in the film even after graphitiza-
tion. The formation of disordered material with a local gra-
phitic structure after long electron bombardment demon-
J strates conclusively that electron irradiation leads ultimately

to the destruction of the gg molecules.
(b) Changes in the vibrational spectra of the fullerene films as
a function of electron irradiation are accompanied by related
changes in the electronic excitation spectra. The changes

x2

wrought in the EEL spectrum for an irradiation dose of
2.25<10 3Ccm %, Fig. 2b), in comparison to the pristine

x5 film, Fig. 2(a), are rather less pronounced than those ob-
served in the vibrational spectrum. This indicates the greater
sensitivity of vibrational spectroscopy in observing a low
concentration of modified species, no doubt partly arising

1 i ! —Q—"’.JI\

Intensity (arbitrary units)

from the greater cross section afforded by vibrational excita-
tions in comparison to electronic excitatiofevidenced by
the requirement of a degraded resolution in the latter case in
order to obtain good counting statisticend also from the
Energy Loss (cm'1) fact that the vibrational excitations are less broad than elec-
tronic excitations and hence offer a greater definition. The
FIG. 3. HREEL spectra obtained 20° off-speculancident jnjtjg| effect of irradiation on the electronic excitations of the
angle 55°, reflection angle 3bfrom (a) pristine 4 ML-thick Go  mplecular film is to further broaden the-7* transition lo-
film on ${100-2x1-H, a;wd(b) afzter irradiation with 0.5 keV elec- o104 gt about 3 eV, Fig(B), this broadening increases with
trons at a dose of 810 “C cn™. The lo,vél'?r: relative intensity of ¢, \her electron dose, Fig.(@, until the excitation is no
the dipole-active modes at 527 and 575 crin (b) suggests thatin o yisible as a pronounced peak above the broad under-
addition to inducing disorde(see text irradiation brings about de- Vi ti f electronic excitations, Fig(d. The
struction of the fullerene molecules. The spectra are normalized t ing continuum of ¢ o » P9ACL .
the elastic peak intensity. |ghe_r_—ly|ng electronic excnat]ons also rapidly lose their
definition as the electron dose increases and become replaced
by a broad continuous range of electronic excitations, Figs.
peak and by the effects of polymerizatifior polymerized  2(d) and Ze), which indicates a significant change in the
Ceo the Ay(2) mode lies at 1458 cnt].%4%? nature of the surface species. This change is mirrored in the
The C-H stretching region also undergoes substantiahroadening of the onset of the electronic transitions at about
changes: At low doses, Fig(l), a single peak at=2910 2 eV and the appearance of significant loss intensity in the
cm™* appears, but with more electron irradiation a secondegion below, which represents the band gap of the pristine
peak, visible as a weak shoulder at a dose of 7.5ilm. Taken together, the smearing out of the electronic tran-
x10 *cm™?, Fig. 1(c), grows in intensity until it matches sitions and the presence of intensity in the band-gap region
that of the first, Fig. (). The lower frequency C-H mode at are in perfect accord with what would be expected if the
2910 cnmi' may be attributed to the vibrations of hydrogen molecular symmetry was strongly broken by fragmentation
bound tosp3-hybridized carboff and is similar to that ob- of the fullerene cages. Indeed, studies of exhohedral
served for Gy thermally hydrogenated by hydrogen from a fullerene compounds have shown that the HOMO-LUMO
passivated Si surfacgt 2930 cm®).>! This indicates that transition observed by HREEL&Ref. 65 is broadened by
for lower electron doses hydrogen bonds either to completéhe reduction in molecular symmetry brought about by the
fullerene molecules or to relatively large molecular frag-addition of a chemical group to the exterior of the carbon
ments, as discussed above. The new vibrational mode thatge. However, while it is possible that the spectra from
appears at a frequency 6f3050 cmi® is much higher than films subject to relatively modest doses could be explained,
that reported for hydrogenategdznd is characteristic of the at least in part, by electron-stimulated attachment of hydro-
vibrations of hydrogen bonded tep?-hybridized carbon gen to the fullerene molecular cages and/or polymerization,
atoms>® The appearance of this peak indicates that at thishe evolution of the electronic excitation spectra with higher
point destruction of the fullerene cages must have occurrealectron doses pointas do the vibrational specjréo ulti-
since to bond to hydrogen and remain fully incorporated inmate destruction of the fullerene molecules. The destruction
an intact Gy cage a carbon atom must form four bonds, andof the fullerene molecules is manifested in the development
hence besp® hybridized rather thasp? hybridized. of a smooth background characteristic of graphite observed
If the electron dose is increased dramatically to 2.2in the electronic excitation spectrum after long irradiation,
Ccm 2, as shown in Fig. (M), the vibrations that are ob- Fig. 2(f). This background is also seen in the vibrational

0
0 600 1000 1500 2000 2500 3000
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T " T " J " | " vibrations to resemble those of the Raman spectrum of laser
amorphized fullerenes, and the appearance of a C-H stretch-
ing mode corresponding to hydrogen bonded to
sp*-hybridized carbon atoms followed by the growth of a
second C-H stretching mode corresponding to bonding with
sp?-hybridized carbon atoms. However, these spectra dis-
play an additional strong, broad, feature at about 910%cm
[marked by the arrow in Fig.(d)]. This peak starts to be-
come visible at the lowest exposures shown. The frequency
of this mode corresponds closely to that expected of a Si-C

x0.1

—————

7 bond® implying that hydrogen desorbs or is displaced from
the hydrogen-passivated Si surface under electron bombard-
(€ ment. The fullerene molecules, or fragments derived there-

from can then bond to the bare Si surface giving rise to the
observed vibration.

(d) The electron doses, uncorrected by secondary electron
emission, required to bring about a given change in a mono-
layer fullerene film are about an order of magnitude higher

Intensity (arb. units)

(© than those for the 4 ML-thick fullerene film. There are two
possible reasons for the dependence of spectral evolution on
(b) electron dosefa) that the secondary electron emission coef-
ficient is substantially different betweenydand the Si sur-
face, the consequences of which we will discuss below, or
. ) ) (a) (b) that the processes that lead to fragmentation are partially
0 1000 2000 3000 4000 quenched by the close proximity of the substrate surface to

) the Go molecules.
Energy Loss (cm )

FIG. 4. HREEL spectra of 1-ML g grown on S{100-2X1-H, C. Irradiation of multilayer C g, with 0.50-keV electrons
as a function of irradiation with 3.3-keV electron&) zero; (b)
7.5x102Ccm? (c) 1.5x1071Cem % (d) 3x10° 1 Cem ™ ()
6x10*Ccm? (f) 9x10 *Ccm 2 A new mode at about 910

Irradiation of a 4-ML G film with 0.5-keV electrons also
brings about broadly the same changes observed when 3.3-
cm™L, absent from the thicker irradiated films is marked with akeV electrons are employed, as shown in .Flg' 5. However,
vertical arrow. Spectra were acquired at a 4.5 eV primary energy irlihere are some subtle differences that.eXIS.t between th?se
the speculaf55°, 559 geometry. spectra and those for 3.3-keV_ eI_ec'qon |rrad|at|on. shown in
Fig. 1. It should be noted that limitations on the efficiency of

spectrum after the same electron dose, Fi§). The smooth the electron gun resulted in electron fluxes at 0.5 keV which
featureless decay of intensity with increasing energy los¥/€ré about an order of magnitude lower than those possible
shows none of the electronic excitations of,€ lending at 3.3 kgv_lnmdent beam energy. While the secondary elec-
further strong support to the hypothesis of cage break up antion eémission from the g film and the underlying substrate
transformation of the € into an amorphous “graphitic” IS I|_kely to cha_ng_e between the _dlfferent incident beam en-
material. ergies this variation will be relatively smélf.Hence, even

though measurements of the total electron dose at 3.3 and 0.5
keV may correspond to different “real” doses this variation
between doses measured at higher and lower incident beam
energies should be negligible in comparison to the range of
In order to obtain more information about the fragmenta-doses studied.
tion process and hence to shed more light on the possible The most prominent difference between irradiation of a
mechanisms of fullerene degradation under electron bearullerene multilayer with 3.3-keV electrons, Fig. 1, and 0.5-
exposure we also carried out experiments in which we irrakeV electrons, Fig. 5 is that, for a given electron dose, the
diated a monolayer film with 3.3-keV electrons, and vibrational peak at 1455 cnt is much more pronounced for
multilayer films with 0.5-keV electrons. Dealing with the the lower energy electron beam irradiation. Overlap with the
results obtained from the monolayer first, we show in Fig. 4strong intensity of this peak causes the whole of the vibra-
the results of electron irradiation of a single monolayer oftional region between 1000 and 2000 cthto seem signifi-
Ceo grown on the Sil00)-2x1-H surface. The molecules in cantly more intense in comparison with the two lowest-lying
the monolayer film are physisorb&dand, since the films dipole active modes at 527 and 575 chihan for a similar
were grown at room temperature, are flat, but display narradiation at 3.3 ke\{compare, for example, Figs(d and
long-range ordering. Upon irradiation similar changes occub(c)]. As described above, it is tempting to attribute the vi-
in the monolayer film to those described above for thebrational mode at 1455 cm to the Ay(2)-derived mode of
multilayer. Namely, a reduction in the intensity of the two polymerized G, molecule§:%? within the film. Such an at-
lowest energy dipole-activé;, modes at 527 and 575 ¢rh tribution then suggests that the greatelative intensity of
a change in the form of the higher energy intramoleculaithis mode for a given electron dose at lower beam energy

B. Irradiation of 1-ML C 4, on Si(100-2x1-H
with 3.3-keV electrons
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50 T " T " T fullerene films adsorbed on Ga@40 with 1.5-keV elec-

trons from the electron gun of a LEED system, and 5-eV
electrons from an scanning tunneling microscopy tip. In the
) former case, whilst the electron beam energies and total

50 sample currents used are comparable to those we have em-
X

ployed to obtain the results presented here, thedensityof
\J\/\/u electrons from a LEED gun is likely to be some orders of
(e) magnitude below those we obtained with our focused scan-

x50 ning electron gun. Indeed, we found that irradiation of a
4-ML Cgq film on Au(110) with a LEED gun at uA sample
current, beam energies between 1.5 and 3 keV, and a spot
diameter measured to be 3 mporresponding to an electron

U\M (d)
flux density of ~1x10*cm2s%, in comparison with a
x50 . . 7 - .
nominal maximum of<4x 10t cm 2s™* from our scanning
electron gum produced no changes observable with
(© HREELS, even after relatively large electron do&ks.
JXM
{b)
AXSO
1
0

Intensity (arbitrary units)

D. Annealing of an irradiated Cgy multilayer

A further question to address is that of the nature of the
products formed by electron beam irradiation of the fullerene

X250 films. It appears clear that the final product of irradiation
/\N\/M (@ with a large number of electrons is an amorphous carbon
1000 2000 3000 film with a graphitic local structure, but the nature of the
intermediate products is less clear. In particular, it is inter-
Energy Loss (cm”) esting to determine whether the perturbed molecules or frag-

FIG. 5. Speculaf55°, 559 HREEL spectra frm a 4 ML-thick ~ ments are discrete, or form a network even at relatively low-
Ceo film on Si(100-2x1-H, irradiated with 0.5-keV electrons to: €electron doses. To shed some light on this issue, we annealed
(@ 0Ccm% (b) 4.5x10°*“Cem % (0) 9x10°*Cem? (d) 1.8 a 4-ML Cg, film that had been exposed to an electron dose of
X10°Ccm2 () 1.1X10 2Cem 2 (f) 3X10 2Ccem 2 Spec-  3xX 10 2Ccm 2 at a beam energy of 500 eV, Fig. 6. AES
tra were acquired with a 4.5-eV incident beam energy and are noshowed that upon heating significant desorption of carbon-
malized to the elastic peak height. containing species occurred indicating that the hydrogenated

fullerenes or fullerene fragments formed in the initial stages
arises due to polymerization becoming more favoradbli¢h of electron beam irradiation are volatile and thus rather
respect to fragmentationwith decreasing electron beam en- small. The desorption of some of the electron beam modified
ergy or flux density’® However, Raman studies of laser irra- species after gentle annealing to 500 K for 4.5 h is borne out
diated fullerit¢ undertaken in conditions, which would sup- by the HREEL spectrum in Fig.(B). The relative intensity
press the formation of polyfullerene displayed a very similarof the first two dipole activd';, modes is now much stron-
strong, Raman active, mode at about 1464 tin addition  ger with respect to the dipole-forbidden modes. The strong
to those associated with amorphous carbon. It wapeak at about 1455 cil is also much reduced in intensity,
suggestelithat this peak arose from links between fullerenealthough this may also be a function of the break up of any
molecules brought about by reaction with cage fragments. ACgq polymer units in the film into monomers at elevated tem-
similar, Raman-active mode was observed when fulleritgperature. The form of the spectrum is similar to that of Fig.
was irradiated with high-energy iofienergies of the order of 1(b), suggesting that the remaining monolayer @ & sub-
100 keV), and in that case the peak was attributed to poly-stantially less damaged than the upper layers of the film,
fullerene formation due to electronic energy transfe8ince  which have desorbed. Reduced damage of the lower layers is
electronic excitation of the £ molecules is likely to bring entirely consistent with attenuation of the incident electron
about a substantial population of the long-lived lowest-lyingbeam as it passes through the 4 ML-thick film, which results
excitonic state(which has triplet character in the free in lower-lying layers being exposed to smaller electron
molecul&?) it is likely that Gy, molecules will be able to fluxes than the outer layers of the fullerene film.
polymerize provided the electronic excitations are long- In addition to reducing the intensity of the C-H stretching
enough lived. Therefore, we propose that polymerizatiormode at about 2900 cr, a second effect of annealing is to
brought about by electronic excitation is in competition with shift this peak from the value 6£2910 cmi! in the irradi-
electron beam-induced destruction, either as a function ofited 4-ML film to ~2930 cm* in the annealed film. This
incident electron flux or energy, or both. It is also noticeablelatter frequency is the same as that of the C-H vibration
that only a single C-H stretching mode is observed even abbserved when a g film on Si(100-2X1-H is annealed to
the largest nominal electron doses employed, which suggesé90 K for 5 min®! attributed to hydrogenation of the ad-
that the cross section for fragmentation is reduced under thgorbed fullerene molecules by atomic hydrogen from the
conditions used for lower energy electron irradiation. Thesepassivated surface. This indicates that a substantial propor-
observations may explain why Zhao and coworfemb-  tion of the G, molecules that remain on the surface after the
served thermally reversible changes when irradiatinganneal are hydrogenated but intact. However, a small shoul-
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T 7 tion or a weak chemical interaction with the surface. It is to
be expected that the higher-energy modes, with primarily
tangential displacement patterns that involve substantial de-
@ formation of the fullerene double bonds, should be more sen-
Jt sitive to subtle chemical changes in the molecule than the
lower energy, primarily radial vibrational modes.
If the irradiated film is then further annealed to a tempera-

x200

- x100 ture of about 650 K for 30 min, further evolution of the
= HREEL spectrum occurs, Fig.(&§. There is a significant
; k (c) loss in the intensity of the C-H stretching mode~a2910

] _J cm ! suggesting that dehydrogenation of intag, @nol-

3 ecules occurs. However, unlike the result of Schreidal !

8 where dehydrogenation at of thg4Inolecules at 800 K was
%‘ ¥50 accompanied by. strong bond.ing with the underlyingL80)

S ®) surface(from \{vh|ph the pas.s[vated hydrogen had glso des-
€ JL‘ orbed, no shift in the position of the dipole-activé,,

modes at 530 and 575 ¢rhoccurs, merely a broadening due
to a degradation of instrumental resolutipossibly related

to surface roughening Annealing further to 720 K for 30
k\ @ min leads to almost complete dehydrogenation of the
1 e | 1 1

x50

fullerene molecules. Only a weak very broad feature remains
in the C-H region, possibly from a low concentration of hy-
0 1000 2000 3000 drogenated molecular fragments remaining on the surface.
Energy Loss (cm™) The peak derived from the lowest-lying dipole-active modes
FIG. 6. HREEL spectra acquired from a 4-MLgCfilm on shifts from 530 to about 514 cm. The reduction in fre-
Si(100-2x1-H, irradiated with %1072Ccm2 with 0.5-key ~ dUency of the dipole-active modes can be attributed to
electrons as a function of annealin@) as irradiated{b) after an- charge transfer fr_om, and hybridization W.'th' the silicon S.Ub'
nealing to~500 K for 4.5 h:(c) after a further 30 min at650 K; strate accompanied by the molecular distortions assqmated
(d) after a further 30 min a&=720 K; Spectra were obtained with a W'th. '.ncreased SUbStrate'?dsorbate_ bonaWQIhe_refqre, In
4.5-eV incident beam energy in specu(sb°, 559 geometry, and addition to dehydrogenation there is a clear indication that a
are normalized to the elastic peak intensity. change in bonding occurs between the adsorbed fullerene
molecules and the substrate with increasing temperature as

der can be seen on the high-energy side of the C-H stretch goserved prlgwously for ¢ adsorption onto clean
the hydrogenated molecules, at about 3060 tnf\s re- Si(100)-2x1.
marked upon previously, this frequency corresponds well
with the stretching of hydrogen bonded to syf-hybridized
carbon atom, showing that some fragments resulting from
the destruction of fullerene molecules remain on the surface. Before turning to the possible mechanisms by which elec-
Contamination from hydrocarbons can be ruled out as théron impact could induce the destruction gfy@olecules we
source of the hydrocarbon-related vibrations since it is welfirst show that thermally induced effects can be eliminated as
known that C-H contaminants desorb after annealing C the cause of the changes that we have observed. The tem-
films to about 450 K° perature of the base of the sample holder was measured dur-
Whilst hydrogen still remains on the surface of the siliconing the electron irradiation process, and rose only by 25 K
after annealing a pristine film as described, only a smalabove room temperature after the largest electron doses re-
broad bump is observed in the Si-H vibrational region atported hergwhich required approximately 12 h to obtain
2100 cm! in Fig. 6(b), which may correspond to some re- Even if the sample itself were substantially hotter it is un-
sidual hydrogen termination of the silicon surface. Thelikely that the temperature gradient between sample and
greater decrease in residual hydrogen termination of the silisample holder base could reach levels that would enable
con surface is mirrored by the greater relative intensity of thehermally induced fullerene damage. Furthermore, the prod-
mode at 2930 cm'* with respect to the § vibrational peaks ucts formed as the result of thermal annealing of a multilayer
compared to that observed for the annealed pristine film ifilm of Cgy 0n S(100-2x1-H (Ref. 51 are significantly dif-
Ref. 51. The increased desorption of hydrogen produced bferent from those observed in this study. To briefly recapitu-
annealing the irradiated film compared with the results oflate, the annealing process in the case of a multilayer leads
annealing a pristine film may arise either due to the longeinitially to desorption of the multilayer and reaction of hy-
annealing timealbeit at a lower temperaturef the former,  drogen with the G, molecules in the remaining monolayer,
or the liberation of atomic hydrogen from the passivated sili-these molecules chemisorb to the surface. Further heating
con surface under exposure to electron irradiation. Particuthen dehydrogenates the fullerene molecules leading to a
larly notable is that even in the absence of the passivatinghemisorbed phase the same as that formed for deposition of
hydrogen the positions of the fir§t,, modes at 530 and 575 Cg, onto a clean Si(100)-2 1 surface? Finally, decompo-
cm ™! are unaltered. Modes at higher energy are shifted, busition and carbide formation occuts®! None of these ef-
nonrigidly, these changes might be induced by hydrogenafects was seen under electron irradiation. Indeed, Auger elec-

IV. DISCUSSION
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tron spectroscopy indicated that no measurable desorptiodu(110), Al(111), and AK110 using synchrotron radiation
occurred during irradiation of the fullerene film, demonstrat-that the onset of steady-state charging is ag@cOverage of
ing that the majority of the material resulting from electron- 3-4 ML,”™ the maximum used in these experiments—indeed
induced destruction of theggremained incorporated in the we observe fragmentation in a single monolayer.

film. In addition to the rather minimal likelihood of substantial
There are a number of possible mechanisms that may bellerene charging in thin films, the stability of fullerene
invoked to describe the process of fragmentation gfrGol-  positive ions needs to be taken into account. Calculations

ecules, the merits of which we will consider in turn. Each ofindicate that isolated fullerene ions up to a charge state of
the mechanisms considered should apply equally to the de+6 should be stable against symmetric dissociaffom
struction of any polymerized or hydrogenated moleculefact, gas-phase measurements on highly charged fullerene
formed within the film in competition with fragmentation ions have demonstrated that rather asymmetric charge sepa-
during the early stages of irradiation. These mechanisms caation takes place involving the ejection of charged C
be thought of as falling into two broad classes: those involv-units?® The energy released in the fragmentation process led
ing “direct” energy/momentum transfer to the internal mo- to the calculation that the intercharge distance in the transi-
tion of the molecular cage and those in which the process iton state before fragmentation is greater than the radius of
mediated by electronic excitation. Considering the formerthe parent G, ion. This led in turn to the suggestion that a
first, experiments involving the irradiation of carbon nano-neutral G dimer is initially ejected from the g cage fol-
tubes with an 800-keV electron be&mhave implicated lowed by a charge-transfer interaction between the dimer and
“knock-on” collisions as the primary means by which the the Gg unit.?® Consequently, the low probability that suffi-
nanotubes are destroyed under such conditions. These coltiently highly charged fullerene ions be created in the thin
sions can be envisaged at the simplest level as a two bodjlm, the theoretical stability of fullerene ions, and the obser-
collision between an incident electron and the nucleus of &ation of charge separation via dimer ejection rather than
carbon atom. If enough energy and momentum are imparteghore symmetric “explosion” suggest that although Cou-
to the atomic nucleus the ejection of the target atom from théomb explosion is a common phenomenon in gas-phase
nanotube can occur. It has been estimated from moleculaatomic clusters, it does not offer a convincing explanation as
dynamics simulations that a minimum energy of about 15 eMo the means by which fullerene destruction under electron
is required to eject a carbon atom from the surface of &eam irradiation occurs.
nanotube? The structural similarity that exists betweeg,C Finally, we are left with the coupling of electronic exci-
and nanotubes implies that it is reasonable to assume thattations of the fullerene molecules to intramolecular vibra-
similar energy is required for the ejection of a carbon atomtional modes as the cause of cage destruction. Electronic,
from a Gyo cage(although it should be noted that the thermal more specifically multiple plasmon, excitation ofgdnol-
activation energy for fullerene fragmentation is muchecules leading to cage destruction has previously been pro-
smaller, measured to be about 4 eV in the gas Phaééhile  posed to explain the fragmentation patterns observed when
an incident electron from a 3.3 keV beam certainly has theCy, molecules at low density in the gas phase are exposed to
energy to eject a carbon atom from g,@age under these high energy(420-625 MeV, highly ionized Xe ion bean®.
assumptions, a treatment of the interaction between the incMultiple excitation of theo+ 7 plasma resonance of theC
dent electron and the carbon nucleus in terms of two-bodyalence electrons by the electromagnetic field of the incident
classical scattering demonstrates that the transfer of 15 eMn leads to “catastrophic disintegration” of the molecules.
energy from an electron with 3.3 keV kinetic energy to aA similar excitation pathway has been proposed for fullerene
stationary carbon nucleus would violate the law of momen-destruction by multiphoton absorptidhlt was clearly seen
tum conservationi? Therefore, we can conclude that destruc-that multiphoton absorption corresponding to a single exci-
tion by “knock-on” collision does not represent a good tation of theo+ 7 plasmon led to single ionization of the
model of the fragmentation process. target molecules, whereas absorption corresponding to a
Electronic excitation of g molecules by incident elec- double excitation of the plasmon resonance led to the possi-
trons or photons can bring about the emission of secondaryility of multiple ionization and cage fragmentation. The ab-
electrons from a fullerene film. A & film is an insulator  sence of delayed ionization or fragmentaffbattested to the
with a band gap of about 2.2 eV, so at first glance it wouldstrong coupling of the plasmon with the ionization and frag-
seem a reasonable assumption thgf iBolecules in a film  mentation decay channels. Coupling of electronic excitations
may become ionized to such a degree that the on-molecut® molecular vibrational excitations, sharing deposited en-
Coulomb energy increases to such a degree that fragmentargy among the fullerene vibrational modes is quite a reason-
tion of the molecule is possible. This phenomenon, whichable assumption in the light of the large “kinetic shiftthe
has been observed in gas-phase atomic clusters is known estra energy necessary to bring about fragmentation igya C
“Coulomb explosion.”” However, this scenario requires molecule in a given time over the binding energy of a C
that each of the fragmented fullerene molecules can build upnit) observed in gas-phase electron-beam induced fullerene
a high degree of charge whilst present in the thin film. Forfragmentation studie¥.
this to happen, the opportunities for neutralization must be We propose that the mechanisms advanced for fullerene
small. Therefore, one would expect that in a photoemissiomlestruction under idd and photof® irradiation in the gas
experiment or a low-energy electron scattering experimenphase, described above, are equally applicable to the case of
(where the secondary electron emission coefficient is $mallelectron beam irradiation of a solid fullerene film. As in the
that the G film should begin to charge. It has been demon-gas phase, multiple plasmdiand conceivably other elec-
strated in photoemission experiments from g @m on  tronic) excitation of the molecules by the incident electron



PRB 60 ELECTRON-BEAM-INDUCED FRAGMENTATION IN . .. 5935

beam can excite multiple electronic transitions, part of therom residual chamber gases. The occurrence of the afore-
energy of which may become partitioned into vibrationalmentioned surface roughenitfigand the presence of C-H vi-
modes as the molecule equilibrates. The creation of a highlprations associated withp®-hybridized carbon atoms, indi-
vibrationally excited state is equivalent to a local heating ofcate that although irradiation-induced hydrogenation may
an individual molecule, and one can imagine that under theseccur at low doses at higher electron doses fragmentation
circumstances the cage atoms quite literally evaporate, pebecomes the dominant form of damage.
haps by ejection of Cunits or by completé“catastrophic™) The increasing strength of the vibrational mode at 1455
disintegration, bringing about the destruction of the mol-cm ! in the HREEL spectra during the early stages of irra-
ecules. The dissipation of the energy associated wvith diation, under all the irradiation conditions studidegs. 1,
tramolecular vibrations into the film is limited by the fact 4, and 5 and the similarity of this peak position to that of the
that theintermolecular vibrations are of rather low enefgy Raman-activédy(2) mode of polymerized £ (Refs. 61 and
arising from a weak coupling between adjacent molecules. 162) suggests that polymerization may occur in competition
enough energy could be transferred into intermoleculawith fragmentation. As pointed out earliéBec. 1110 the
modes significant molecular desorption from the film wouldpresence of a similar vibration has been observed when
occur as predicted in molecular-dynamics simulations ofullerene films have been irradiated with idhsor laser
low-energy ion bombardment of ¢¢ films2* Desorption light* Although a similar evolution of spectral features is
(measurable by changes in KLL line intensity in Auger seen under all the irradiation conditions observed it is no-
spectra is not observed in our experiments. It may, of table that the “polyfullerene” vibrational mode is signifi-
course, be argued that if ejection of @imers from fullerene cantly stronger for irradiation at lower electron fluxes, indi-
cages were a dominant decay channel, this should also leagting that these conditions may favor polymer formation
ultimately to some reduction in the number of carbon atomover fragmentation and explain why irradiation under condi-
within the fullerene film. However, measurements of thetions of relatively low flux can give rise to either thermally
kinetic-energy distributions of dimers resulting from electronreversible changé¥,or none at alf®
impact on fullerenes in the gas phase show that the average As the degree of irradiation of the fullerene films contin-
kinetic energy of dimer ions is always about 0.45 eV regard-ues, molecular destruction becomes manifest, first in the
less of the electron impact enerffyThe very low-kinetic  presence of a second C-H stretching vibration at about 3050
energies of the released ionic fragments strongly indicatem * [for example in Fig. {e)]. This mode corresponds to
that they would be unable to escape from the surface of ¢he stretching of a bond between an H atom and an
solid film due to the attractive polarization forces that woulds p?-hybridized carbon atort demonstrating that some of
be induced by their charge state. the carbon-carbon bonds within the@&age are broken. In
The requirement for the population of highly electroni- addition irradiation of a monolayer film ofggives rise to a
cally excited states before enough energy is distributed intmew mode at about 910 c¢my corresponding to an Si-C
the fullerene intramolecular modes for destruction to occuwibration® marked with an arrow in Fig. @. Ultimately,
fits well with the observed flux dependence of molecularirradiation of a multilayer leads to the appearance of a
fragmentation, which is discussed in Sec. Il C. Although itsmooth loss background, Figdfiland 2f), characteristic of
is of course possible for a single incident electron of suffi-a graphitic material, demonstrating that the fullerene mol-
cient energy to excite multiple plasma modes of a singlescules are destroyed and their fragments coalesce into an
molecule, the aggregate probability of multiple excitationamorphous material with a graphitic local structure, perhaps
will increase with increasing incident electron flux. There-not unlike those predicted by the simulations of Setral?
fore, although our proposed mechanism for electron-beam Several possible models which could be employed to de-
induced destruction of & in the solid phase remains some- scribe the mechanism of electron-irradiation-induced
what speculative, circumstantial evidence strongly supportfullerene fragmentation were considered in turn in Sec. IV. It
this dissociation channel. was demonstrated that of the models considered, multiple
electronic excitation of the molecule followed by partition of
some of the excitation energy into the internal vibrational
V. SUMMARY modes of the molecule leading to fragmentation offered the

Using the results described in Sec. Ill, we can formulate 4n0St attractive explanation of the experimental results. The
description of the processes that go on under electron beaRfCessity for multiple excitation of the molecules neatly ex-
irradiation. The basic changes that occur initially under elecP!@ins the observation of a strong dependence of irradiation-
tron beam irradiation are the same whether a monolayer or #duced changes on the incident electron flux, although it
multilayer film and a high or a low-incident beam energy isWould be interesting to determine if the fragmentation pro-
used. There is a marked surface roughening that is manfeSS myolves sequential dimer emission or a complete “ex-
fested in a broadened dipole scattering lobe in HREELS an@losion” of the carbon cage.

a decrease in the relative intensity of dipole active with re-
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