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Electron-stimulated fragmentation mechanism for fullerene films on S(111)-(7X7) surfaces:
Dependence on thickness and electron flux
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We studied the fragmentation of ultrathjfh—6 ML (monolaye)] Cgq films on Si(111)-(? 7) surfaces
under intense pulse electron irradiation using a scanning tunneling microscope for field-emission electron
irradiation below(20 eV) and aboveg45 eV) the fragmentation threshold energy. We assessed the fragmenta-
tion yield for various film thicknesses and electron fluxes. Fragmentation resulting in coalesced spheroid
structures becomes less efficient in thinner films owing to faster energy transfer into the substrate. Our obser-
vation of flux dependence revealed that two-electron excitation causes fragmentation at sub-threshold energy
when the excitation rate exceeds the excited-state decay €’ (s * for 4-ML thickness.
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The basic processes for electron-stimulated fragmentatioto both observe and modify the surface through field-
of a cluster are of great interest from the viewpoint of emission(FE) electrons emitted from the STM probe tip in
electron-beam lithography applications, material chemistrythe field-emission regime. This enabled us to provide accu-
and the electron-assisted growth of quantum-sizeate control of the electron flux by adjusting field-emission
structures.? In particular, the electron irradiation ofgg; a  conditions(retraction distange We found that the incident
cage carbon cluster, is of tremendous interest to alter itslectron flux, i.e., the excitation rate, had a decisive influence
structural and electrical properties for not only technologicalon the fragmentation yield of ultrathin films irradiated at low
applications™ but also for the creation of new forms of energy on account of the energy dissipated into the substrate.
carbon with unique properties that have been predicted Fullerene films with a thickness of 1-6 Mlmonolayey
theoretically’~® In the gas phase, electron irradiation ini- were prepared on the Si(111)X7) surfaces of Si wafers
tiates fullerene fragmentation by the emission of ftag-  (n type, 0.001) cm, Sb dopegat room temperature by ther-
ments caused by the single-electron excitation of the plasmally evaporating g, powder at a deposition rate of 3—10
mon resonance of the molecule, when the electron energym/min (1-ML coverage corresponded to a thickness of 1
exceeds a threshold of 35 eV°~!In the solid state, large nm). When the coverage was less than 3 ML, the films were
carbon structures such as spirals, onions, and giant fullerensguctureless, whereasnanocrystals 20—70 nm in diam-
have routinely been observed using transmission electron meter were formed at greater coverage. Details of the tech-
croscopes with high-energy electron beams that have an imique to irradiate the sample surface with FE electrons emit-
tensity as high as~1.25x10° nm 2s 1.2271® |n ultrathin  ted from the STM probe tip have been described
Ceo films subjected to electron beams at 0.5-3.3 keVelsewheré®?!Here, we extracted FE electrons by applying a
fragmentation-related changes in electron energy loss spectsaries of short0.01-0.9  voltage pulses between the sur-
appear when the electron flux is sufficiently large4  face and the probe tip that had been retracted 6-50 nm away
x10° nm 2s71), leading the authors to conclude that from the sample surfacéa field-emission regime Every
electron-induced fragmentation of thg Cage is caused by single irradiation evenf{an extraction voltage pulsevas
multiple electronic excitation of the molecule’ In our pre-  well separated in time in order to minimize local heating.
vious papers, we demonstrated the destruction of thjn C The FE electron energy was determined from the extraction
films under intense pulse irradiation with 10—75 eV electrons/oltage subtracting a work function of tungsten-e#.8 eV.
extracted from a scanning tunneling microscofTM)  The electron flux was regulated by changing the retraction
probe tip. Such irradiation led to the creation of large carbordistance and calculated from the FE current assuming that
structuregnanospheroidsas a result of coalescedsgfrag-  the diameter of the irradiated area is equal to the retraction
ments produced by the electron excitation of fullerene moldistance! The structural changes that resulted were ob-
ecules when the electron energy exceeded a threshold e&rved with the STM in the tunneling regime with a sample
~35 eV.31%e found spheroid formation below the thresh- bias of —3.5 V and a tunnel current of 0.18—0.30 nA. We
old when the electron flux was as high &40’ nm 2s™1,  used W111) tips having radii of less than 10 nm after treat-
which suggests that the phenomenon has a strong depeimg themin situ with field-ion microscopy.
dence on electron flux. The effects of pulse electron irradiation of multilayer

In this Brief Report, we investigated the fragmentationfilms of Cs, are demonstrated in Fig. 1, which shows STM
phenomenon for various ¢g film thicknesses and electron images of G, nanocrystals modified by FE electron irradia-
fluxes to clarify the excitation mechanism underlying thetion. For 6-ML coverage, irradiation with FE electrons at 40
electron-stimulated fragmentation ofd®»n Si(111)-(7x7) eV led to the creation of large carbon structufearbon
surfaces at an electron energy of 20—45 eV. We used a STipheroidgless than 2 nm in height, which was accompanied
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FIG. 1. STM images of § nanocrystals exposed to FE elec- 10 10 10
trons at~20 eV and~60 nC, taken(@) before and(b) after irra- Electron Flux [nA nm? ]
diation. The diameter of the irradiated regiomi$ nm. The image ) )
sizes are 3823 nn? (@) and 15<15 nn? (b). Images were ac- FIG. 3. The number of spheroids created as a function of elec-
quired at a sample bias of 3.5 V with a tunneling current of tron flux for irradiation at~45 eV (closed symbolsand ~20 eV
0.18 nA. (open circles At every electron flux intensity, a virgin nanocrystal

of Cgo was exposed to a dose 6f300 nC. The different closed
) ) . i - symbols represent data obtained for different valuesfodm 4 nm
by irradiated nanocrystal shrinkage owing to the agility ofio 6 nm. The open circles correspond to a thickness-df2 nm.
Ceo-"® When the diameter of the irradiated areas was ashe vertical line indicates the threshold separating regions where
small as 6 nm resulting in an electron flux of excitation by singlgl) or two electrongll) is dominant.
~10° nm 2571, spheroids were formed even with20 eV

electrons as can be seen in Figb)l The mean spheroid \hereas it is almost constant for thicker films. The best fit of
diameter was 1.80.3 nm, which corresponded to a carbon e gata to a power function dfwas obtained with an order
structure merged from three to five fragmented fullerenesys 3 For 1-ML coverage, we were unable to create spheroids
The spheroids were immobile on the timescale of the experignger the excitation used. Sincedorms strong chemical
ment and no further coalescence was observed. They apynds with the surface Si atorfe23the coupling of G, and
peared immediately after irradiation in less than 20imit Si surface atoms provides rapid energy dissipation frog C

of our time_ resolution while Iong-_las_ting _migration f into the substrate and it is responsible for the reduced frag-
fullerenes displaced by electron excitation yielded growth of

o mentation yield. Ford<2.4 nm, the spheroids might be
aggregates and orderedgslands for irradiation at an elec- ¢y meq byt disordered film structure and numerous aggre-
tron energy of below 30 eV and lower electron fitix.

. gates of (g hindered accurate counting of the number.

r'?s qlgfectsl and crystal bo_ungari)es may lbe mdvol\_/sd N To assess the energy dissipation rate, we changed the ex-
spheroid nucleation as seen in Figbjl we selected wide, jiation rate, i.e., the electron flux intensity, while keeping

perfect crystals of g, for this study of dependence on flux he total dose constant. Figure 3 shows the number of sphe-

and _thicknesz. id h - i th | roids created at an electron energy-e20 eV and~45 eV
Since spheroid growth originates in the election-,q 5 fnction of electron flux for 4—6 ML coverage. At an

stimulated fragmentation of ¢ molecules, we evaluated giocron energy of 45 eV, the number of spheroids slightly
fragmentation yield through the number of created Sphero'dﬁncreased with an increase in the electron flux from 3o

Figure 2 shovx_/s the change in fragmentgtion yi@hé NUM-"" 101 nAnm™2. The weak dependence on electron flux is
ber of spheroids per tptal c_io)sas a funct|on offilm thick- - nsistent with the fact that fragmentation occurs upon
nessd. The Irzagment?glon yield obtained for an electron quXsingle-electron excitation of the molecule. At increasingly
of ~4x10"“ nAnm™* decreases sharply fod<3 nm, |5 q0r fiux, we were unable to accurately count the number
of spheroids because of significant desorption of the mate-
rial. The weak dependence on electron flux seen in Fig. 3 and
: the presence of the energy threshold for spheroid credtion,
10" [ __*—i’ both rule out heating effect by FE electrons as possible

ﬁ,—"f f mechanism of spheroid formation. Insignificant heating oc-
L ,ﬁ' curred in our case because both long mean free path of pho-
£ non (~5 nm) in bulk G, crystal€* and the irradiation pro-
ol v v cedure used here provide efficient heat dispersion.

0 2 4 6 Spheroids appeared even at an electron energy of
Thickness [nm] ~20 eV, i.e., fragmentation took place, only when the elec-

FIG. 2. Fragmentation yiel@, i.e., the number of spheroids TN flux exceeded a threshold 6f2x10"* nA nm_z' As
produced per electron dose, as a function of film thickness for irath€ electron energy is about half the energy required for frag-
diation at~45 eV, a dose of-0.6 nC nm 2 and an electron flux of Mentation by single-electron excitation, this result indicates
~4x10"2 nAnm™2. The thicknesses obtained from STM images that two electrons are necessary to provide sufficient energy
were corrected by adding 0.8 nm for the presence of the chemicall{o the molecule to initiate fragmentation that is similar to
bonded G, monolayer(Ref. 22. The broken line is a fit to a power multiphoton adsorptioft?>~2’Above the flux threshold, elec-
function to the order of 3. tron excitation happens twice in agmolecule within an

G [nC1]
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interval that is shorter than the lifetime of the excited statelaw fit (see Fig. 2 of our data for 3—6 nm films and the
As a result, the number of spheroids gradually increased witthreshold of~10° s~ ! obtained ford~4.2 nm are consistent
the flux, being consistent with the mechanism whereby thevith the damping model, indicating that energy transfer from
fragmentation probability is proportional to the product of excited G, into the substrate reduces the fragmentation
the flux and the lifetime of the excited state. yield. This implies that G;-Cg, intermolecule interaction

Interestingly, in region(ll) (see Fig. 3 where two- goes not play a significant role in the phenomenon.
electron excitation causes fragmentation at 20 eV, desorption g, fiims thinner than 3 ML, we must take other factors

threshold separating éghe,t‘l'vo regions corresponds to an exclynsequently, their coalescence and spheroid growth. Even-
tation rate of~1.3x 10" s * per single molecule. The value .y this gives rise to amorphous graphiticlike films such
agrees well with the lifetime of the lowest excited singlet ;¢ i o<e reported for 1—4 MLggfilms subjected to 500-eV

_9 . . .
state ¢-1.3x10 323 for Ceo |s_ola_ted In organic solvents at g jactrons at a high doSeHowever, as spheroid formation is
room temperaturé?® The excitation rate is larger than the extremely localized at the irradiated positifsee Fig. 1c)],

. . . . 71 .
unimolecular dissociation rate of 301" s obtained for e can rule out this effect as a major cause of the thickness
gas phase £ with an internal energy of-40 eV. The dependence seen in Fig. 2.

obtained excitation threshold reflects the balance between |, conclusion, electron-stimulated fragmentation of
excitation rate and dissipation decay that is determined by,,;.erenes on Si(111)-(% 7) surfaces results in the forma-

CeoCeo interaction and energy transfer to the conductiveyon of carbon spheroids under intense pulse irradiation with

substrate. Because of the short penetration depth of 2048 g|ecirons. The fragmentation yield decreases in ultrathin
eV electrons, excitation almost always occurs at the topmos(tl_ﬁ ML) films, which is explained by fast energy transfer

Ceo layer and dissipates into the bulk substrate depending Ofq the substrate. The evidence of flux dependence led us to
the distance, i.e., the film thickness The dependence of ,nclude that two-electron fragmentation is achieved by sub-

decay rate on the molecule-substrate distance has been fgieshold electrons of 20 eV when the excitation rate exceeds
ported for organic molecules located in a range from 1 nm tqq excited-state decay rate into the substrate.

20 nm outside a conductive surface, where the rate of non-

radiative energy transfer for optically excited molecules de- The authors wish to thank Professor E. Osawa of the
creases with the distance asd™ 2 for bulk transfer and as NanoCarbon Research Institute, Ltd. and Professor K.
~d~* for surface transfer in accordance with the classicaMaeda of the University of Tokyo for their invaluable dis-
dipole damping mode®*°For G, /alkanethiol/Au sandwich ~ cussions. This work was supported in part by the New En-
structures, the energy decay rate was®®0! for d  ergy and Industrial Technology Development Organization
=1.5 nm and X 10° s™* for d=2.5 nm?® Both the power- (NEDO) of Japan.
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