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X-ray photoelectron spectra of Cey filmms exposed to air of ca. 20 % and 60 % humidity at 23 "Cfor 1 h are

presented.

It was found that the O 1s core peak appeared at a binding energy of 533.5 eV for the film

exposed to air of ca. 60 % humidity, while no peak comesponding to the O 1s photoelectrons was

observed for the filmexposed to air of ca. 20 % humidity.

The binding energy 0f533.5 eV for the Ols

core peak is close to that ofabout 533 eV for the Ols core peak ofsolid H,O, while it is different from that
0f537 eViorthe O 1s core peak ofsolid O; on Ce film
for the air-exposed Cgo film was due to H,O molecules adsorbed on the film The adsorption state of H,O
nolecules on the Cg molecule is discussed on the basis of the results obtained using first-principle
molecular dynamics calculations within alocal density approximation.
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1. INTRODUCTION

Since the discovery of an effective production
method for Cg [1], there have been many reports on the
electronic properties of pristine and metal-doped Cqp
films applied to fuinctional devices. In this field, the
interaction between Cs and molecular gases, in
particular air (O3, N3, and H,0), is one of the most
important subjects from the viewpoint of Cg-based
materials. For example, the effect of air on the
resistivity [2,3] and photoconductivity [4-6] of Ce
films has been reported by several groups and it was
found that O, molecules markedly affected these
properties, while the effect of N, molecules was
negligible. This indicates that the interaction
between Cqy and N, does not have to be considered in
the air-exposed Cg films. On the other hand, water
vapor can be adsorbed on the film as well as O;
molecules and this should be considered. However,
little attention has been paid to the interaction
between C¢ and H,O until now, although there have
been many experimental [7-18] and theoretical [19-22]
reports on the interaction between solid Ce and
various gases such as Oy, Nz, CO, Ar, and He. The
aim of the present work is to study the interactions
between Cgp and O»/H,O molecules for the Cqp films
exposed to air of moderate humidity at a given
temperature using X-ray photoelectron spectroscopy
(XPS) [23] in combination with first-principle
molecular-dynamics calculations [24].

2. EXPERIMENT

The details ofthe Cgo film preparation has been
described elsewhere [25]. Thin films of Cg¢ were
deposited on a Au-(more than 1 mm thick) coated
stainless steel substrate. Thethickness ofthe C4 film
was estimated to be about 100 nm.

After deposition of the Cg film on the substrate,
this sample was taken out of the vacuum chamber and
exposed to air of moderate humidity (ca. 20 % and
60 %) at 23 °C for 1 h prior to introducing it into an
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These facts indicate that the O 1s peak observed

XPS apparatus (VG: Escalab Mk-II). Hunmzdity in
the experimental roomwas controlled using both an air
conditioner and a supersonic water vapor generator,
and it was monitored using a thermohydrograph {Safo
Keiryoki Co., Ltd.). Room temperature was also
maintained at 23 °C using the air conditioner.
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Figure 1. Schematic representation of an apparatus for
the study of air-exposed Cgq film by x-ray
photoelectron spectroscopy.

Figure 1 shows a schematic representation of an
XPS system for the study of the air-exposed Cg film
Three vacuum chambers are separated by two gate
valves. The main chamber is equipped with an
utrahigh vacuum pumping system, an X-ray source
(MgKa: 1253.6 eV), an energy analyzer (the energy
resolution for the full width at halfmaximum ofthe Ag
3ds; is 0.6 eV), and a five-axis sample manipulator (X,
Y, Z, rotation, tilt). The base pressure ofthis vacuum
chamber was 5x107° Torr. By rotating the sample
holder, the incident angle of photoelectrons emitted
fromthe sample into the analyzer was adjusted to 90°.
The second chamber is also a UHV system similar to
that ofthe main chamber and i1s equipped with a system
for sample transfer from this chamber to the main
chamber. The third chamber is a load-lock
prechamber equipped with alow vacuumsystem (107
Torr) for introducing the sample into the second
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chamber.

Various XPS data handling such as smoothing,
background removal and peak fitting were carried out
by a Fisons analysis software package (ECLIPS). The
Au 4f, (83.7 eV) transition was used as a reference
peak for estimation of the binding energy of other
peaks.

We measured the XPS spectra between the center
and edge ofthe sample area. When we compared the
binding energy ofthe C 1s core peak observed for the
center area with that for the edge area, both C Is core
peaks had the same binding energy (284.7 eV).  This
shows that there was no effect of charge-up on the
sample upon X-ray imadiation. The substrate
temperature was maintained at roomtemperature during
XPS measurement.

3. COMPUTATIONAL METHOD
We used a selfconsistent mixed-basis fall-
potential method for the calculation of Cgp-gas
interactions. A combined set of plane waves and
Bloch sums oflocalized functions is employed as basis
fanctions, thus leading to a very efficient
representation of the system containing both highly
localized and delocalized electrons.  The present
method is based on the density-functional theory with

local density-functional approximation.
Forthe basis set of Cg, 60 15 and 60 2py, 60 2py,
60 2p, atomic orbitals and 2109 plane waves are

adopted. The exponential damping factors a and f
for the 1s and 2p atomic wave functions were chosen to
be 1/0.106 and 1/0.133 A, respectively. The real
space was divided into 64x64x64 meshes where 3.185
meshes correspond approximately to 1 au. =0.529 A,
The details of this method has been described
elsewhere [24].

4. RESULTS AND DISCUSSION

Figure 2 shows the XPS spectrum in the binding
energy range of 0-1000 eV for the Cg film exposed to
air of ca. 20 % humidity at 23 °C for I h. It is
interesting to note that no peak corresponding to the
O1ls photoelectrons (530-540 eV) was observed below
a detection limit of less than 0.1-At % in the present
XPS system  The reproducibility ofthis result was
confirned by obtaining the XPS spectrum under
similar conditions.

We estimated the escape depth of the Cls
photoelectrons using a modified Bethe equation[26]
and found it to be about 54 A.  Since the Cep film has
a fee structure with a lattice constant 0f14.17 A [27] at
room temperature and the mean ball diameter ofa Cqp
molecule'is 7.10 A [28], the present XPS spectra
provided information on almost four unit cells below
the filmsurface.  Furthermore, the escape depth of the
Ols photoelectrons is on the same order as that of Cls
photoelectrons [29].  This suggests that oxygen
atoms were not present not only on the surface of the

air-exposed Cg film but also within four unit cells
below the surface.
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Figure 2. X-ray photoelectron spectrum in the binding
energy range of 0-1000 eV for the Cg film exposed to
air of ca. 20% humidity at23 "Cforl h.

When a Ce film was exposed to air of ca. 60%
humidity at 23 °C for 1 h, the Ols peak was first
detected. These facts suggest that the Ols core peak
was attributed not to Oz molecules but to H,O
molecules adsorbed on the Cqp ilm  Figure 3 shows
the photoelectron spectrum of the Ols for the film
exposed to air of high humidity in the binding energy
range 0f520-550 eV. It was found that the Ols core
peak appeared at abinding energy 0f533.5 ¢V. Kroll
et al. [8] have reported XPS spectra of solid O,
adsorbed on a Ce film at 20 K and found that the
binding energy of the O1s core peak for the solid O,
was about 537 eV (543-544 eV for fiee O; in Ref30),
which is different fromourresult.  On the other hand,
the binding energy ofthe Ols core peak for solid H,O
has been reported to be about 533 eV(539.7 eV for free
H>0 in Ref30), which is in good agreement with our
result.
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Figure 3. The photoelectron spectrum ofthe Ols in the

binding energy range of 520-550 eV for the C60 film

exposed to air of ca. 60% humidity at 23 °C for1 h.

From the XPS intensities of the Ols and Cls
peaks, the amount of oxygen was estimated to be 1.8-
At %, while the amount of carbon to be 98.2-At %.
This comesponds numerically to that one H,O
molecule is adsorbed on one Cgp molecule within 54 A
depth of the Cep film  However, this conclusion is
hard to be accepted by the following reasons. The
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activation energy for O, diffusion into the Cgo bulk
lattice has been estimated to be 180 meV [5]. The
molecular size ofa H;O molecule (about 3 A)is greater
than that of an O, molecule (24 A) and the distance
between adjacent Cso molecules is 3 A in the fec bulk
structure, so that the activation energy for H,;O
diffusion into the bulk lattice is expected to be larger
than that for O, molecules. Since the thermal
translational energy of a molecule is about 38 meV at
23 °C, it is speculated that H,O molecules diffuse only
slightly into the bulk lattice under the present
conditions. From these reasons, a few solid H,O
layers are assumed to be formed on the Cg film exposed
to air of high humidity at 23°C.  Consequently, the
present Ols core peak originates from the H,O layers
adsorbed on the air-exposed Cgp film In addition,
because the present experiments have been carried out
without photoirradiation, the Ols core peak observed
in Fig. 3 does not arise from photochemical products
such as CO (535.7 eV), CO; (534.5 eV), and other
carbonyl (532.8 eV) compounds formed on the Cg film
[9]. Indeed,Wohlers et al. [31] have recently reported
on the reaction of Cgo and C7p with molecular oxygen
using X-ray absorption and photoelectron
spectroscopy.  When Cg films (50-100 nm thick)
were exposed to 500 mbar of oxygen for 5 min at 300 K
(27 °C), no oxygen content could be observed by near
edge X-ray absorption spectroscopy, as shown in
Fig.l1 in Ref31. This demonstrated that molecular
oxygen is unlikely to be adsorbed on the Cg films at
300 K.  This is consistent with our present results.
The XPS results suggest that H,O is physisorbed
on Cs. We next disucss the interaction between
H,O and .Cs. Previously, Williams et al. [21]
estimated the intermolecular energy between Cgp and
various gas molecules such as O; and H,O by semi-
empirical calculations based on atom-atom potentials.
They found that the Cgo-O; binding energy was -1.13
to -1.35 kcal/mol (-49.0 to -58.5 meV). Since the
translational energy ofa molecule at 300 K is about 40
meV, their result predicts that O, molecules are easily
desorbed from Cgo films at room temperature and can
explain our present results. On the other hand, the
Ce0-H20 binding energy was -1.06 to -1.25 kcal/mol (-
46 to -54.2 meV) in their report.  This predicts that
H,0 is more easily desorbed from Ceo films than O, at
roomtemperature, which is in conflict with our results.
Williams et al. calculated these interactions using an
atom-atom potential expressed as the form, Aexp(-Br) -
Cr®, where A, B, and C denote constants and r
represents an interatomic distance.  The first and
second terms represent the repulsive exchange and the
attractive dispersion interactions, respectively.
However, besides these terms, it is important to
consider the electrostatic and induction terms for the
accurate estimation of the intermolecular interactions
[32,33]. Indeed, H,O molecules are electronically
polarized and have a permanent dipole moment in the
molecule.  This implies that the bonding energy due
to the electrostatic and induction interactions for the
Ce0-H,O system becomes more significant than that for
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the C40-O2 system  Thus H,O molecules are expected
to be more strongly bound to the Cg film than O,
molecules.

In order to understand the interaction between
Cso and H,O molecules more satisfactorily, we examine
the bonding energy between Cg and H,O molecules
using the ab initio molecular-dynamics calculations
based on density-functional theory [24]. Prior to
discussing the adsorption state of HoO on Ceo, we
compare the chemical shift in the Ols binding energy
between experimental and theoretical results in order
to confirm the reliability of the present calculations.
The Ols energy shiff of H,O before and after
adsorption was theoretically estimated to be 4.43 €V,
while that was experimentally obtained to be 6.23 eV.
This discrepancy is due to the fact that present
calculations do not consider the interaction between
adjacent H,0O molecules.

Figure4 shows the equilibriumconfiguration for
the adsorption state of H,O molecule on the Cso. We
found that H,O molecule is adsorbed above the
hexagon of Csoby about 3.0 A. The bonding energy
between these molecules is estimated to be 0.38 eV,
which is comparable to that for hydrogen bonding.
This indicates that H,O molecules are more strongly
physisorbed on the Cgo molecule than O, molecules.
As shown in Fig. 4, it is interesting to note that the
hydrogen atoms of H,O faceto the hexagon of Cgp.

Figure 4. The equilibrium structure of HO adsorbed
on Cg obtained using ab initio molecular-dynamics
calculations. Thetwo hydorgen atoms of H,O face the
hexagon of Cqy.

5. SUMMARY

X-ray photoelectron spectra of the Ceo films
exposed to air of moderate humidity of about 20 % and
60 % at 23 °C for 1 h were presented. It was found
that the O1s core peak appeared at a binding energy of
533.5 eV for the film exposed to air of ca. 60 %
humidity, while no peak comesponding to the Ols
photoelectrons was observed for the filmexposed to air
of ca. 20% humidity. The binding energy of 533.5
eV for the O1s core peak was close to that ofabout 533
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eV for the Ols photoelectrons of solid H,O, while it
was different from that of 537 eV for the Ols
photoelectons of solid O, on Cg film.  Consequently,
the Ols core peak was assigned to H,O layers
adsorbed on the C¢ film  Ab initio molecular-
dynamics calculations of the Cg-H,O system found
that H,O molecule is physisorbed above the hexagon
of Cgo by about 3.0 A forwarding its hydrogen atoms to
this hexagon.

ACKNOWLEDGMENTS

One of the authors (J.O.) would like to thank A.
Nakao at RIKEN for XPS measurements. The authors
also thank to the Materials Information Science Group
of the Institute for Materials Research for their
continueous support of the HITAC S-3800/380
supercomputing facilities.  This work was supported
in part by a special coordination fund ofthe Science
and Technology Agency ofthe Japanese government.

REFERENCES

lw, Kratschmer, L.D. Lamb, K. Fostiropoulos, and
D.R. Huffman,Nature 347,354 (1990).

2 Zahab and L. Firlej, Solid State Commun. 87, 893
(1993).

3s. Fujimori, K. Hoshimono, S. Fujita, and S. Fujita,
Solid State Commun. 89,437 (1994).

4A. Hamed, Y.Y. Sun, Y K. Tao, RL. Meng, and P H.
Hor, Phys. Rev. B47,10873 (1993).

3CH. Lee, G. Yu, B. Kraabel, D. Moses, and VI.
Srdanov, Phys. Rev. B49,10572 (1994).

6D. Moses, C.H. Lee, B. Kraabel, G. Yu, and VI.
Srdanov, Synthetic Metals 70,1419 (1995).

7y, Vijayakrishnan, AXK. Santra, T. Pradeep, R.
Seshadri, R. Nagarajan, and CN.R. Rao, J. Chem. Soc.,
Chem. Commun. 198 (1992).

8G H. Kroll, P.I. Benning, Y. Chen, TR. Ohno, JH.
Weaver, LPF. Chibante, and R.E. Smalley, Chem
Phys. Lett. 181,112 (1991).

9AMRao, K-A. Wang, IM. Holden, Y. Wang, P.
Zhou, P.C. Eklund, C.C. Eloi, and JD. Robertson, J.
Mater. Res. 8,2277 (1993).

10g, Wemer, M. Wohlers, D. Bublak, Th. Belz, W.
Bensch, and R. Schlogl, Electronic Properties of
Fullerenes (H. Kuzmany eds.), Springer-Verlag, Berlin,
p-16 (1993).

1A, Dworkin, H. Szwarc, and R. Céolin, Europhys.
Lett. 22,35 (1993).

127 Arai, Y. Murakami, H. Suematsu, K. Kikuchi, Y.
Achiba, and I. Ikemoto, Solid State Commmun. 84, 827
(1992).

13D.Leporim',L.Andreozzi,C.Callegari, and F. Fuso,
Phys. Lett. A 189,322 (1994).

14W. Vogel, Appl. Phys. A 62,295 (1996).

157, Belahmer, P. Bemnier, L. Firlej, JM. Lambert, and
M. Ribet, Phys. Rev. B 4715980 (1993).

16R A. Assink, JE. Schirber, D.A. Loy, B. Morosin,
and G.A. Carlson, J. Mater. Res. 7,2136 (1992).

175 C. Howells, G. Black, and L.A. Schlie, Synthetic
Metals 62,1 (1994).

18p Bemier, Z. Belahmer, I. Luk'Yanchuk, M. Ribet,
and L. Firlej, Synthetic Metals 70, 1431 (1995).

19M. Menon and K R. Subbaswamy, Chem. Phys. Lett.
201,321 (1993).

20¢ 1. Williams, M.A. Whitehead, and L. Pang, J. Phys.
Chem.97,11652 (1993),

21g, Halac, E. Burgos, and H. Bonadeo, Phys. Rev. B
52,4764 (1995).

22\ Fastow, Y. Kozirovski, and M. Folman, Surf Sci.
331-333,121 (1995).

235, Onoe, K. Takeuchi, K. Ohno, and Y. Kawazoe, J.
Vac. Sci. Technol. A 16,385 (1998).

24k Ohno, Y. Maruyama, and Y. Kawazoe, Phys. Rev.
B 53,4078 (1996).

253, Onoe and K. Takeuchi, J. Phys. Chem 99, 16786
(1995).

26g, Tamura, C.J. Powell, and D.R. Penn, Surf Interf
Anal. 21,165 (1993).

27AR. Kortan, N. Kopylov, SH. Glaum, EM.
Gyorgy, A.P. Ramirez, RM. Fleming, F.A. Thiel, and
R.C. Haddon, Nature 355, 529 (1992).

28R D. Johnson, D .S. Bethune, and C.S. Yannoni, Acc.
Chem. Res. 25,169 (1992).

29MP. Seah and W.A. Dench, Surf Interf Anal. 1, 2
(1979).

30 . Siegbahn, C. Nordling, G. Johansson, J. Hedman,
P.F. Hedén, K. Hanrin, U. Gelius, T. Bergmark, L.O.
Wemme, R. Manne, and Y. Baer, ESCA Applied to Free
Molecules ,North-Holland, Amsterdam, p. 85 (1969).

31M. Wohlers, H. Wemner, D. Herein, T. Schedel-
Niedrig, A. Bauer, and R. Schlégl, Synthetic Metals 77,
299 (1996).

32T A.Beu and K. Takeuchi, J. Chem Phys. 103, 6394
(1995).

33T A. Beu, J. Onoe, and K. Takeuchi, J. Chem. Phys.
106, 5910 (1997).

(Received December 17, 1999; Accepted March 29, 2000)



