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The electronic structure and vibrational spectrum of the Cgp film condensed on a 2H-
MaS83{0001} surface have been investigated by X-ray photoelectron spectroscopy (XPS), uk-
traviclet photoelectron spectroscopy (UPS), Auger electron spectroscopy (AES) and infrared
high-resolution eleciron-energy-loss spectroscopy (HREELS). AES analysis showed that at
low energy side of the main transition, Cgo contains a total of three peaks just like that of
graphite. However, ihe energy position of the KLL main Auger transition of Cgo looks like
that of diamond, indicating that the hybridization of the carbon atoms in Cap is not strictly
in sp? — bonded state but that the curvature of the molecular suiface introduces some ap2p,-*
honded character into the molecular orbitals. XPS showed that the C 1s binding energy in
Cgp was 285.0eV, and its main line was very symmetric and offered no indication of more
than a single carbon species. In UPS measurement the valence band spectrum of Cgo within
10eV below the Fermi level (E;) shows a very distinct five-band siructure that character
izes the electronic structure of the Cgg molecule. HREEL results showed that the spectrum
obtained from the Cgp film has very rich vibrational structure. At least, four distinct main
loss peaks can be identified below 200 meV. The most intense loss was recorded at 66 meV,
and relatively less intense losses were recorded at 95, 164 and 197 meV at a primary energy
of electron beam Ej, = 2.0eV. The other energy-loss peaks at 46, 138, 157 and 186 meV in
HREEL spectrumn are rather weak. These resulis have been compared to infrared spectrum
data of the crystalline solid Cgg taken from recent literatures. -

PACC: 3640, 3365; 7320; 6855
1. INTRODUCTION

The existence of the isolated molecules of Cgp with a shape of truncated icosahedron with
twenty hexagonal rings and twelve pentagonal rings was first discovered by Kroto, Smalley
and coworkers.!l In 1990, Kratschmer, Hoffman and colleagues!? invented techniques to pro-
duce and separate Cgg in sufficient quantity: Since then, expetiment.al and theoretical studies
on the physical and electronic properties of Cgp have developed extensively.l The electronic
properties of the Cegg film have been examined using some slectron spectroscopyl@4~7] and
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thought to be somewhat graphitic in character, with Ithe sp?-bonded sheets curved into a
sphere. Theoretical studies/® showed that the essence of the electronic properties of Cgg is
provided by g-orbitals along the neighboring atoms and r-cbitals extending outward from
and inward to the cage. Each atom has one m-electron (filling the highest occupied level)
and three o-electrons. For Cgg, the energy separation between the centers of the highest
occupied molecular orbital {HOMO) and the lowest unoccupied molecular orbital (LUMO)
derived bands is 3.75 eV(®~ 11 indicating that solid Cgy would behave like a semiconductor.
Surface energy spectroscopic techniques, such as, AES, XPS, UPS and HREELS are
powerful tools for the measurement of the electronic structures and the vibrational properties
of solid surface. Because they have better sensitivity to the surface layer or the adsorbed
molecular layer on solid surface, in recent years they have been used for the studies of the Cgq
film condensed on some semiconductqr[“'n_zs] and metal surfaces.[6:10-14,29-28] However, the
information-of the properties of the Cgg film condensed on layered materials is still relatively
less known, except in a few of papersi2®=35] which introduced the epitaxial growth of Ceg on
the layered MoS;, mica and GaSe surface, ete. In this paper, we report on the _electronic-
structures studies of Cgp condensed on a cleaved 2H-MoS;(0001) surface by surface-sensitive
techniques, such as AES, XPS, UPS anhd HREELS. The natural MoS, single crystal with 2H
stacking arrangement was chosen as a substrate material in our studies, because its cleaved
(0001) surface exhibits the bulk semicbnductor electronic bond structurel® | and it is also a
layered material with weak van der Waals interlayer bonding, like gfaphite, in which all the
_orbitals in a plane are involved in bonding. The cleaved surface with a low surface energy

has no dangling bonds, and large atomically flat areas can be easily obtained.

I. EXPERIMENTAL

AES experiment was performed on a Perkin Elmer model PHI-610 Scanning Auger
Microprobe with single-pass’ cylinderical mirror analyzer (CMA) and coaxial electron gun
(0 < E; < 10keV). The focussed electron beam (3 pm®) can be scanned over the sample
to obtain a secondary electron image of it. AES spectra were collected digitally in the
N(E) form and electronically differentiated. Data were analyzed in the differentiated form,
dN(E)/dE. Depth profiling was performed with 1 — 2.0kV Ar* ions incident at about 45°
with respect to the sample normal by alternately acquiring data and sputtering. X-ray
photoelectron spectrum was recorded by an ESC.;‘iLAB MK-II spectrometer of VG scientific
Ltd. The system consists of two separately pumped chambers. The main analysis chamber
is equipped with a non-monochromatized twin-anode (Al and Mg) radiation X-ray source
avith a microspot facility (from 150 up to 1000 ym diameter), a hemispherical analyser and

a flood gun for charge neutralization. The ultraviolet photcelectron spectrum of the Cgo
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film was recorded with photon energy equal to 21.2eV (He I). The pass energy was 2.0eV,
and the analyser resolution in the He T measurements was abont 200meV, All energy scales
were referenced to the Fermi level (E,.) of the grounded substrate. HREELS measurements
were performed in a Leybold-Heraeus ELS22 equipped with a low-energy electron diffraction
(LEED) system. The background pressure was ~ 5 x 10~ Pa, The HREELS spectra were
recorded in the specular direction making an angle of 80° with the surface normal. The pri-
mary energjv of electron beam F;, could be varied from Qup to 206V. An attainable energy
resolntion is about 16 meV for infrared region. Prior to the measurement of the electronic
and vibrational spectra, the substrate 2H-MoS;{0001) surface and the Cgy films deposited on
it with different thickness have io be subject Lo the 10;:-energy electron diffraction (LEED)
measurement. The clean 2H-MoS, (0001) surface shows 1 x 1 LEED pattern, indicative of
no major surface reconstruction under our experimental conditions. For the Cgp/2H-MoS;
" system, unless the coverage of Cgo is very low (< 3 monolayers), the LEED patterns can
be observed; while in the case of thick films, no LEED patterns could be seen, indicating
the thick Cgy films condensed on MoS; at room temperature are disordered or clumped in
islands. The growth of Cgp on the 2H-MoS2(0001) surface Was.canied out in an e'-'a.porationl
chamber with a background pressure of 1 x 1072 Pa. The purified Cap powders (99.90%)
(supplied by the Group of Nano Materials and Physics, Institute of Physics, Academia
Sinica, China) were charged in a tantalum boat. A 2H-MoS; single crystal substrate was
cleaved in air just before loading into the evaporation chamber, and then cleaned by heating
at 200-250°C under the ultra high vacuum until a sharp {0001)1 x 1 LEED pattern was
displayed. The substrate was then positioned within the flux of material to be deposited
1.5cm from the face of the boat. To initiate the growth, the Ta boat charged with Cgg
powders was heated in ultra high vacuum by its own electric resistivity at 250°C, for 1h for
outgassing. The Cgp was then sublimed at a pressure of 3 x 10~7 Pa at 300°C on to the
clean 2H-MoSz(0001} surface. The typical deposition rate was about 0.09 nm-min~—*. We
define one monclayer (ML} of Cgq to be the equivalent of 1.156 x 10'* molecules-cm™2. The
thickness per layer is 0.8 nm based on the bulk density of 1.65 g-cm™> and the layer spacing

for a close-packed solid.

IIl. RESULTS AND DISCUSSION

A. Auger electron spectroscopy {AES)

The electron-excited C,; Auger spectra were collected in the pulse-counting mode in
order to maximize spectral resolution and then differentiated numerically. Figure 1 is the

Auger spectrum obtained from the clean 2H-MoS2(0001}) surface. It can be seen clearly that
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there is not any carbon or oxygen contaminant on the surface, The KLL Auger spectrum
obtained from the Cgq film with about 4.6 ML in thickness condensed on the 2H-MoS; (0001)
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Fig. 1. Auger spectrum of the clean 2H-MoS83(0001) surface.
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Fig.2. Cy,, Auger specirum of the Cgo film with 46ML
in thickness condensed on the 2H-MoSz(0001) surface.

surface at room temperature is showed in Fig.2. The line shape and the fine structure are
very similar to that of graphite. Because the detail of C,,, line shape is very sensitive to
the hybridization of the carbon atoms and thus to the allotropic nature of the films, we
illustrate & compatison of the fine structures of C,,, Auger spectra taken from the three
different carbon allotropes (Cgo, graphite and diamond) in Fig. 3. It is evident that at the
low energy side of the main transition, Cqq contains a total of three peaks (same as graphite),

while diamond has four peaks. But, there is a small shift toward the lower kinetic energy




42

Lu Hua et al.

Vol. 4

ALS

-1

asity {DV /D)y arb nnis

¢ {DN/DE)/ ach u

Differential ntens.

|

Kinetic energy/eV

260 27 230 20 300 H1g SH0
Kiretic energy /ey .

Py

Thflerential wntensity (DN, DEG arb unies

b

for=s St

DIAMOND

B

P
*';,'f .

1]

220 20 240 25

3R 270 2l il 30q 3G 80
Faneli erergy vl

Fig. 3. Comparison of the fine structure of Cy,; Auger apectra iaken from the three
carbon allotropes: (a) Cag, (b) graphite and (c) diamond.
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direction in the whole of the peaks of Cgp. It may be caused by the charging effect on
the surface of the insulating Cgp. Considering the predictions from the band model for
KVV Auger transitions”%¥, we can discuss the origin of the difference of the Auger fine
structures in different allotropes of carbon. For the main Auger peak F; (the positions of
the Auger peaks taken in the derivative curve are represented by the single of P,in=0,1,2
and 3)), if the electron originates in the valence band, we have a simple expression!®¥

B, = E(Z) -2V,

where E, is the energy of the Auger electron relative to the Fermi level of the specimen,
£.(Z)} is the binding energy of ¢ shell electron of Z element, and ¥ represents the energy
of a prominent feature in the valence band of the specimen. Applying this formula to
carbon, using the values of atomic binding energies published by Bearden and Burr®®l
(E(Z) = 283.8 eV for carbon) and those of the theoretical density of states in valence bands
AES Prstie of the three species of carbon, we have calculated

100y : the Auger peak energy, and identified the transi-

Wit b e tion of the Auger electrons. In the calculated en-

ergy item, the theoretical densities of states for di-
amond and graphite refer to the band structure of
Painterl®l and Willisi*!] (alse see Ref.[39]}, while
that for Cgp, it refers to the UPS data in this
work. The energy of the plasma oscillation of
the valence electrons in the free-electron model is
given by"?l: E, = fuw,, and w, = /(4 ne?/m),
where n, e and m are electron density, charge, and
mass, respectively. Assuming four valence elec-
trons per carbon atom, we can obtain a set of
values for the plasmon energy; that is, the Ep's
(bulk plasmon) are equal to 21.5, 31.2 and 14.5eV
for Cgg, diamond and graphite respectively. In
the same npproximatién the energy of the surface

Fig. 4. Auger electron depth profile of the Cgp plasmon is given by[é‘ll: E, = Aw, = hwp/\ﬁ.

Blm with about 25 nm in thickness condensed (p o ofore the FE,’'s (surface plasmon) are equal to

o the 2H-MoS;(0001) surface. 15.2, 221 and 10.2¢V for Cgo, diamond and
graphite respectively. Table 1 illustrates the position and identification of the fine structure
in the C,,, spectra from the three allotropes: Cgg, graphite (HOPG) and diamond. The
difference in Auger fine structures reflects the difference in band structures. And, we can
assign the observed Auger peaks Py, (268.5eV) in Cap to KV4V, Auger transition. While the
two additional peaks on the low-energy side of the main Anger transition, the Py (252eV)
and P {239eV) may be corresponding to the plasma oscillation peaks. The solid Cgp differs
from diamond or graphite in a fundamental way related to the hybridization of the atomic
s- and p-levels. In diamond, sp® hybridization assures a bond angle of 109°28° and four
identical bonds. In graphite, sp? hybridization produces three equivalent bonds, a bond
angle of 120°, and strong planar bonding. The out-of-plane p orbitals result in x-bonds
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Table1, Peak position and identification of the fine structure in the Cyyy, spectra from three
allotropes: Cgg, Graphite (HOPG) and Diamond.

Peak energy t:f;s:str;: Calculated energy™' | Identification
JeV JeV feV

Py 268.5 268.7 KV.V,
Cao P]_ 252.0 16.5 253.3 - Pn - ﬁw.
Py 239.0 29.5 238.1 Py — 28,

B 270.5 2708 - KVaV,

HOPG P 254.0 16.5 253.8 KV.Vs
B, 2400 30.5 2415 Py — 2h,

Py 268.5 268.4 KVsVz

Py 252.0 16.5 252.4 KVsV;
diamond P 238.0 30.5 237.3 P — Fuwy
Py 225.0 43.5 224.3 Py — 2,

* The theoretical density of states for diamond and graphite refers to the. band structure of Painter(40]
and Willis"1), while for Cep, it refers to the UPS results in this work.
and weak interplanar bonding. In comparison, the energy position of the C,, main Auger
transition of Cgp is much the same as that of diamond, while the peak shape looks like that
of graphite, indicating that the hybridization of the carbon atoms in Cgg may be not strictly
in sp?-bonded manner but that the curvature of the molecular surface introduced some
sp’p.-bonded character into the molecular orbitals, as discussed by Haddon et al[*®] They
suggested that the hybridization of the s-and p-orbitals in Cgq is an intermediate between
pure sp® and sp?p, introducing a pyramidalization angle of 11.6° for Cgo. The solid Cgq
is characterized as a molecular crystal. As such, their orbitals are modified, but not too
seriously, by condensation to form solid films. Figure 4 is the Auger electron depth profile of
the Cgg film with about 25 nm in thickness condensed on the 2H-MoS;{0001) plane. It can
be seen from Fig. 4 that there is no strong interfacial reaction at room temperature although
we can see an interface diffusion region with about 5nm in broadness. We consider it to be
due to the fact that layered 2H-MoS, surface has no dangling bonds. '

B. X-ray photoelectron spectroscopy (XPS)

Figure 5 shows the XP§ spectrum of molybdenum and sulphur core level transitions in the
clean 2H-MoS;(0001) surface with MgK a radiation (Av = 1253.66V). The results showed
that the surface contamination peaks of carbon and oxygen were almost below the noise level.
And the peaks of Mo3d (3ds;; = 229.5eV; 3da = 232.7€V) and 52p (2p;;2=162.5eV) can
be identified clearly. The Mo(3ds/;)-5(2ps;;) binding energy difference at 67.0eV is in
excellent agreement with that reported in Ref.[44]. The X-ray photoelectron spectrum of
the Cgp film condensed on the clean 2H-MoS83(0001) surface has also been recorded. Af
ter deposition of Cgp, the XPS spectrum (Fig. 6(a)) showed that the Cls binding energy in
Ceq i8 285.0eV, and its main line is symmetric and offers no indication of more than a single
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Fig. 8(a) XPS spectrum of the Cep
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carbon species. Figure 6(b) shows that there are small changes in C1s binding energy and its
line shape changes with increasing thickness of Cap film. A shift of 0.31 eV toward the higher
binding energy side and the broader line shape on base can be seen clearly. The symmetry
becomes better with the increase of the thickness; as the film thickness is more than 5 ML,
these changes can be observed no longer. It indicates that very weak interface reaction
between Cgo and the sulfur layer of the 2H-MoS2(0001) surface may exist in the early stage
of the film deposition. This suggestion is consistent with the AES profile analysis. Figure 7
illustrates a comparison of Cgy with the major Cspa—hybﬁdiz'ed diamond and Csp®-bonded
graphite in the XPS spectra of the Cls regions. The binding energies of the Cls peaks,
referenced to E_, are 285.0, 284.5 and 284.2eV for Cgp, diamond and graphite respectively.
There is a 0.8eV shift toward the high binding-energy side, relative to that in graphite.
Moreover, the peak shape of the Cls in graphite was broader than that in Cgg, which is
consistent with the asymmetric of the XPS main line shape of a conductor. The Cls peak

in Ceq is more symmetric, as is usually so for an insulator diamond.*!
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Fig. 7. Comparison of Cgo with diamona and graphite
in XP8 gpectra of the Cle regions.

C. Ultraviolet photoelectron spectroscopy (UPS).

UPS was used to measure the positions and line shape features of the valence band
of the substrate 2H-MoS; and the Cgg films. Figure 8 shows the spectrum of UPS {Hel,
hy = 21.2eV) for the valence band structure of the clean 2H-MoS2(0001) surface, the
energy levels are aligned to E_. The positions of the four main peaks in our UPS spectra
were in agreement with those in previous studies.3%%% Peak A (~2.7¢V) was believed to
be mainly due to nonbonding 4d, electrons, while peaks B (—4.25eV}, C (—5.8¢eV)} 4ad D
{—T7.15eV) were attributed to Mo{4d)-5(3p) bond iz which 83p electrons were predominant.
The valence-band spectrum of the Cgo film with 4.6 ML thickoess condensed on the 2H-
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Mo8,({0001) surface is shown in Fig. 9. It provides an overview of the distribution of the
states for Cgn, showing the full valence bands within 10eV below E,. The photoemission

spectra were obtained using He I with a resolution of 200 meV. A very distinct five-band

He 1 A

Mo,{0L01;
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Bind:ng snerey/ V

v Fig. 8. UPS spectrum for the valence band structure of the clean 2H-MoS3(0001)
surface at hu = 21.2 eV, the energy levels are aligned to Eg.
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Fig.9. Valence-band spectrum of the Cgo film condensed on the 2H-
Mo82(0001) surface. The film thicknesa is 4.6 ML.

—255eV; V3 at —3.956V; V3 at —6.0eV; V; at —7.55e¢V and V; at —8.4 eV) can be identified
clearly, which characterizes the electronic structure of the Cgo molecule. Comparing with

the calculations of the demsity of states (DOS) for solid Cep!*"], we found that the C2p,
levels fall within 5eV below E,, the 2p, levels are concentrated between 5 and 10eV, and
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Fig. 10. Comparison of the UPS spectrum line for the Cap films in differ-
ent thickness. Curves a — ¢ correspond to 1.2, 4.6 and 17 ML, respectively.

the deeper states are derived from 2s-derived o-bands847-#9]; p_states are dominate at
low energy, and s-states are stronger at higher energy. We note that charging effects may be
important for thick films, because of the high intrinsic resistivity of Cgq. Such effects would
introduce a little shift to the higher energy side relative to #,. Our studies on the Cgg films
with different thicknesses showed that on increasing the thickness of the Cgq films from 4.6
to 17 ML, the energy position of the peaks shifts about 0.3¢V toward the higher binding
energy side (see Fig. 10). Moreover, the relative intensity of the peaks (s-states, at higher
" energy) appears a great increase, indicating that the charging effects exist at least for the
Cgo films with a thickness of more than 4.6 ML, We cannot rule out that the change might
be due to symmetry reduction in the Cgo molecules in the vicinity of the surface of the thick
Cgp film, but the disorder effects in the growth of Cgy films or some weak interface reaction
between Cgy and the substrate may be also important for the measurement of the valence-
band spectra. The overall valence-band structure is very analogous to that of graphite or

diamond, but the molecular symmetry of Cgy assures sharp spectral features.
3. High-resolution electron-energy loss spectroscopy {HREELS)

HREELS is a far more surface-sensitive spectroscopy than XPS or UPS to examine the
energy of vibrational modes of film on solid surface. According to the semiclassical dielectric
theory, the probing depth of the HREELS turns out to be at least 10 nm/*®. Figure 11 shows
the infrared eneréy loss spectrum of the clean 2H-MoS;(0001) substrate in a range of 0-
200 meV {1 meV=8.06 cm~!) obtained at a i)rimary electron bean: energy (E;) of 5eV. In
the surface layer of 2H-MoSz(0001} there are three. atoms per umit cell, so nine modes are
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Fig. 11. HREELS spectrum of the clean 2H-MoS2(0M01) surface, F, = 5.0eV.
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Fig. 12. HREELS spectrum of the Cgg films condensed on the 2H-MoS2(0001) surface. The
films from 0.58 to §.07 ML are deposited at room temperature. Ep = 5.0&V. Curves a — ¢
correspond to 0.58, 1.73, 5.19, 6,34 and 8.07 ML, respectively.
expecied: three acoustic and six optical modes. The point group for the surface is Ch,,
there will be three A4; modes and three doubly degenerate E moades.[5? However, only two

distinct peaks can be seen. Ome is the vibration of the dipole-active optical phonons, near
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63 meV (508 cm ™1}, which is assigned to one of the strongly active MoS; optical phonons,
although its width is larger than those of the phonon-excitation loss peaks; and the other
is an overtone of the vibratiolns, which can be observed at twice the phonon energy, but
are low in intensity. Figure 12 shows the HREELS spectra of the Cgp films evaporated on
the clean 2H-MoS,(0001) surface with different thicknesses from 0.58 to .07 ML. The E,
was 5eV, with its peak position estimated to be £0.2meV. The molecular vibrations span
the energy range of 0-300 meV. Because the clastic peak has been broadened somewhat of
- its energy distribution (16meV}, it is not sufficient for identifying the very fine vibrational
structure in HREEL spectrum. In the case of 0.58 ML Cgo film (curve a in Fig. 12), the
original two peaks at 63meV (508cm™!) and 126 meV (1016 cm™!) observed from MoS,
surface disappeared, while two new peaks at 95 meV {766 cm™!) and 178 meV (1435cm™!)
occurred. On increasing the Cep film thickness to 1.73ML (curve & in Fig. 12), a peak at
86meV {532cm~!) appeared. It can be assigned to the expected surface phonon mode,
which is optical and will be dipole-active vibrations. When the thickness of Cgy film reached
5.19ML three main loss peaks and several weak emission signals could be identified below
200 meV (cu:;ve ¢ in Fig. 12). The most intense loss was recorded at 184 meV (1483cm™!)
which had a shift of 6 meV toward the high energy side, and relatively less intense losses
were recorded at 66 meV (532cm™') and 95 meV (766 cm™'). However, when the thickness
of the Cgp film was increased to 6.34 ML, (curve d in Fig. 12), a blue-shift of ~15meV from
178 meV (1435cm™!) to 193 meV (1556 cm ™) occurred evidently. The other six energy-
loss peaks around these main peaks in HREEL spectrum were rather weak. Since Cgp is
insulating, very thick film of Cgo is not suitable for HREELS analysis, which requires either
conducting surfaces or sufficiently thin films on conducting substrates to reduce the charging
effects. Curve e in Fig. 12 shows that in the case of 8.07 ML thick Cgg film, only three distinct
loss peaks can be identified. Several weak losses do not appear in the HREEL spectrum
of thick film of Cea. However, an increase in the background intensity and a decrease in
the elastic line absolute intensity are observed. And thé energy resolution is reduced. It
is due to that most of the thick films of Cgy deposited at rcom temperature are generally
disordered and show charging effect. Figure 13 shows the line shape of the main energy-
loss peaks in HREELS spectrum as a function of incident electron beam energy, £,. As
can be seen, on reducing the B, from-5.0 down to 4.5eV, the BREELS spectra show no
changes, namely, the spectra retain the characteristic features, three main peaks at 66 meV
(532cm™!), 95meV (766cm ') and 193 meV (1556 cm~!) and several weak peaks can be
identified. When E, is reduced to 2.0eV, the vibrational spectrum features of the Cqp
film exhibit a greater variation in intensity as a funciion of photon energy, for example,
the 66meV {532cm™") loss peak increases evidently, and the 193meV (1556cm™") loss
peak splits into two peaks at 164 meV({1322cm !} and 197meV (1588 cm~') and several
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weak loss peaks around them. These variations reflect the unique melecular symmetry
of Ceo, and the normal modes in Cgy above 800cm—! involve atomic displacements that
are predominantly tangential displacement of carbon atoms along the ball surface.51 With
continuously decreasing E,, to 1.5¢V, the spectra show no evident changes, but some small

peaks disappears. At E, = 1.0eV, the change mentioned above no longer occurs. It is well

{ntensity /arh umis
pr -] _
S= B
\'\ :
-5
e L
Y

Loss energy,/mey

Fig. 18. Line shape of the main’ energy loss peaks in HREELS spectrum as a function of £5.
Curves a — e currespond to 5.0, 4.5, 2.0, 1.5 and 1.0V, respectively.

" known that in the infrared study the spectrum is dominated by the electron-dipole active

modes which present a component of the transition dipole moment perpendicular to the
surface.. The reason is that the dipole selection rule plays a key role in mode assignment
and adsorption site determination for polyatomic molecules. However, as pointed out by
Weaver'!l in his paper on electronic structure of Cgg that the first two valence band features
for solid Cgg have w, and 7, character with 5-fold and 9-fold degeneracy, respectively. In
photoemission, therefore, the relative emission intensities from the n, and r, bands change
with photon energy because of matrix elements effects. Thus, we consider that in HREELS
measurement the change of intensities of the loss peaks with incident electron beam ene-rgy
(£,) may also be due to the matrix elements effects. Because, in general, the spectra acquired

with low-energy electrons emphasize the w-states of Cga over the o-states, If it is true, we
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suggest the importance of dipole transitions and the retention of molecular symmetfy in
a broad infrared bands. That may be one of the reasans why the loss peak at 193 meV
{1556 cm™1) splits into two new peaks at lower E,. There are 174 intramolecular vibrational
modes for a 60 C-atoms molecules (3N-6), but under I symmetry! only 14 of the 46 distinct
eigenvalues (see Table 2) are allowed in the infrared and the Raman spectra. The four
infrared active modes have T}, symmetry and are triply degenerate, the Raman active modes
consist of two singly degenerate A; modes and eight five-fold degenerate H, modes.52—56]
With reference to the relations between the structural symmetry and the eigenfrequencies of
Ceo, in comparisen to the infrared spectrum(® and the Raman spectrum/®® of crystalline
solid Cgo, we see that the dipole-active modes identified in our HREELS spectrum from
a thick Gy layer (curve ¢ in Fig. 13) at 66meV (532cm!), 95 meV (766cm ), 164 mev
{1322cm™") and 197 meV (1588 cm~!) do not exactly match the four intense infrared bands
at 527, 576, 1182 and 1429cm . The

Table2. The number of distinct vibrational eigenvalues and degeneracies of Ceal®¥.

I, group Number of Degeneracy

label eigenvalues

Ay 2 1

Ty 3 3

Tay 4 3 even parity
Gy 6 4

H, 8 5

Ay 1 1

Tlu 4 3

T, 5 3 odd parity
Gy 6 4

Hy 7 5

66 meV {532cm™') peak corresponds to the two of the four strongest infrared adsorption
spectroscopy lines with Ti, dipole-active modes at 527 and 576cm ™!, which are too close
to be resolved in our HREELS results without further processing of the data. The 66 meV
" (532cm ™) loss energies can be assigned to the same modes responsible for infrared absorp-
tion at 527 cm™* with a blue-shift of 5cm~!. The other three peaks at 95 meV (766 cm™1),
164 meV {1322cm™!) and 197 meV (1588 cm~!) are likely to correlate better with dipole-
inactive Raman lines than with the other two weak infrared lines at 1182 and 1429cm™~!. As
reported by Oshima et al.’7], in the angle-resclution EELS spectrum of the graphite (0001}
surface there are large densities of vibrational states around 55, 90—100, 155 and 180 meV.
Except for the peak at 55 meV, these energy losses correspond to our three Cgy characteristic
peaks, as if the Cgg retains most of the vibrational features of graphite when we consider the
“buckyball®, Cg, being warped from graphitic sheet. It is because the electronic density in
the - and o-orbitals is not changed significantly when planar graphite is curved to form

=
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a Cgo. Relatively weaker losses can also be seen from curve ¢ in Fig.13. But it is diffi-
cult at this point to know which modes are responsible for the observed vibrational spectra
because these weaker vibrations may consist of two parts, in one of which the molecules
make translation, i.e., the translational lattice modes, and in the other part the molecules
rotate, i.e. the librational lattice modes. The translational lattice modes are of ungerade
symmetry for the Cgo structure, hence one expects these modes to be only infrared active.
The librational modes are of gerade symmetry, and thus are expected to be Raman active.
Some data taken from recent literatures®2*39 are illustrated in Table 3 for comparison
of the Cgp/2H-MoS,(0001) HREELS spectrnm with those of Cgo/Si(100), Cgo/GaSe(0001)
and Cgo/Rh(111) systems. We note that although GaSe and MoS; are all layered materials,
the feature and position of the energy loss peaks in the Cgn/GaSe system are different from
those in the Cgp/2H-MoS; system. It is due to the fact that MoS, is completely covalent

Tabled. Comparison of the Cso/2H-Mo8,(0001} HREELS spectrum with that of Cag/Si(100},
Ceo/GaSe(0001) and Ces/Rh[111) system.

Infrared | Raman |Cee/2H-MoS2(0001)] Ceo/CaSe(0001)2[Cop /Si(1003 ] Ceg /Rb{ 111)1*7
modes*®¥ [ modes* 59! Ep=20¢V Ep=3.TeV Fp=3.TeV E,=2.0eV
meV|cm™ ! [meV]em™! | meV cm™! meV cm ™! meV| cm™ ' |meV] om?
34 | 272
54 | 432
61 | 495
65 | 527 66 532 66 532 66 | 532 | 68 548
71 | 576 72 580
88 | 710
96 | 772 | 95 766 94| 758 | 96 770
136 | 1100
147 | 1182 147 1185
155 | 1249 | 164 1322 156 | 1257 [151] 1215
177 | 1425
179 | 1429 178 1435
182 | 1468 183 | 1474
195 | 1574 | 197 1588 194 | 1584 )

*Crystalline solid Cgp.
bonding within its layers, unlike GaSe which is partly ionic and has infrared active lattice
vibrations. As mentioned above, in MoS; there are no dangling bonds on either the molyb-
denum or the sulfur surface atoms, the “lone pairs” of S3z electrons occupy very stable
orbitals. The undisturbed {0001) basal plane surface of the 2H-MoSz has been proved to be
inert, and it has no capability of forming strong bonds unless its molecular orbitals scheme
is altered by physical or chemical manipulation. Why, then, except {or the peak at 66 meV
(532cm™1) the rest of the spectrum in Cep/2H-MoS,(0001) system look like the case in
Cgo/Si(100) system? Possibly, it is due to the existence of defects, specifically the sulfur

vacancies in MoSz within the basal plane or at step sites on the basal surface. The vacancies
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might act as anchor sites where substrate atoms could bond directly, or they might serve as
sites where atoms are substituted to form bridge bonds between substrate and film atoms.
In this case, the deposition of Cgp onto the ¢leaved 2H-MoS2(0001) might have a greater
effect on the Mo3d core levels than on the S2p levels. The photoemission studies!!?! have
revealed that the first-layer Cgp bonding to the substrate surface is more than simply van
der Waals in character. In order to compensate the differences in work functions, a dipole
layer is formed at the interface. Such dipoles reflect mixing of the empty #-states of the Cgp
molecules with states of the substrate, yielding a x-resonance. For the sake of discussion on
the chemical reactivity between Cgy and 2H-MoS; surface, knowing their level s near the
Fermi level is indispensable. These levels for 2H-MoS3 and Cgg are shown in Fig. 14, where
the Fermi level for MoS; is -5.2eV[5 and the band gap between the conduction band min-
imum (CBM) and the valence band maximum {VBM) is 1.35eV®®] which is primarily due
to a strong hybridization of the Mo 4d-bands and S5s-bands. The 5-fold degenerate BOMO,
H,,, are separated from the 3-fold degenerate LUMO, T}, by a ground state energy gap of
and the center of the HOMO-LUMO gap of Cgy is
-4.8¢V.112] Figure 14 shows the ground state en-
13 ergies (1.6eV) for Cgp, this time in contact with
MoS; where the electron affinity is about 4.3eV

and the energy gap is 1.35eV. Vacuum level align-
ment would obtain the following results: LUMO

1 Evac

3 Lo of Cgy is well above the CBM of MoS;, while
S ot HOMO of Cyg is nearly equivalent to VBM in the
- 13;"\'_ 166V 2H-MoS; band gap. Because of the larger sepa-

} M ! ration between LUMO of Cgo and CBM of MoS3,

60 HOM orbital mixing among LUMQ and CBM levels

would be less than that among the HOMO and
VBM levels. However, the local density of states
#H-Mob, Con {ground staie) of the Cgy/2H-MoS; system near the HOMO en-
ergy level may differ from that of the Cgp and

Fig. 14. Energy-level diagram for Ceg con- K .
densed on the ZH-MoS3(0001) surface, assum- MoS3 due to the weak orbital mixing between the

ing vactum level alignment, HOMO level of Cgp and VBM level, 1.6eVI80
1t indicats that the interactions between the Cgo and 2H-MoS;(0001) surface are predomi-
nantly van de Waals and the electronic structure of the Cgy film condensed on the 2H-MoS,
is only weakly perturbed due to that in the Cgy cage, m-electrons are delocalized all over it.

This delocalization provides a network of r-electrons which gives Cgp its static stability.
V. SUMMARY

The electronic properties and vibrational spectrum of the Cgo films condensed on the
2H-MoS4(0001) surface have been measured by using XPS, UPS, AES and HREELS. The
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electron spectroscopic data of Cgy films show that the hybridization of the carbon atoms
in Cegp is not strictly in sp®-bonded state but that the curvature of the molecular surface
introduces some sp®p,-bonded character intc the molecular orbitals, The photoemission
data reveal that the valence band spectrum of Cgy within 10eV of Fermi level shows a very
distinct five-band structure. The surface sensitive HREELS recorded only four strongest
vibrational modes in a range of 0-300meV at B, = 2.0eV, they do not exactly match the

four intense infrared band as reported in literatures.
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