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The resistance of a conducting C60 monolayer formed on a polycrystalline Ag film was found to be
0.7±0.1 kV by in situ resistance measurements. By another series ofin situ resistance
measurements, the surface scattering cross sections, whose magnitude represents the relative
amount of transferred charge, were evaluated as 100 Å2 for C60/Au, and 150 Å2 for C60/Cu and
C60/Ag systems. However, comparison with previous results obtained for monolayers formed on Au
and Cu films showed that the resistances of conducting C60 monolayers do not show a simple
dependence on the transferred charge. Atomic force microscopy measurements revealed that the
grain size of the underlying noble metals also plays an important role. ©2005 American Institute
of Physics. fDOI: 10.1063/1.1897840g

I. INTRODUCTION

Charge transfer from metal atoms to C60 molecules plays
a major role in determining physical and chemical properties
of C60-metal systems. This charge transfer is caused by the
high electron affinity of C60, where C60 molecules act as
electron acceptors. In alkali fullerides, there is complete
charge transfer from the metal atoms to the lowest unoccu-
pied molecular orbitalsLUMOd of C60 molecules. On the
other hand, in C60-noble-metal systems, only fractional fill-
ing of the LUMO occurs because noble metals have higher
work functions than alkali metals. These charge-transfer ef-
fects give rise to conductivity in C60 molecules.

When C60 is deposited onto thin noble-metal films, a
bilayer structure is formed: noble metals have higher cohe-
sive energies than alkali metals, and cannot be intercalated
into the C60 lattice as is the case with alkali fullerides. Elec-
trons transfer to the adjacent C60 monolayer1–3 from the
noble-metal atoms and form a conducting C60 monolayer. In
a previous work, the authors performedin situ resistance
measurements of C60/Au and C60/Cu bilayer structures and
reported that the resistances of conducting C60 monolayers
formed on polycrystalline Au and Cu films were 0.9±0.2
and 2.4±0.4 kV, respectively.4 The in situ resistance
measurements4–11 enabled us to observe the charge transfer
by inspecting the change in sheet resistance while depositing
C60 on thin metal films or vice versa.

The charge state of a C60 molecule determines the elec-
trical properties of the molecule. The difference in the resis-
tances of conducting C60 monolayers formed on Au and Cu
films would reflect the difference in the number of electrons
transferred from the underlayer metals to the LUMO of C60

molecules. Hebardet al.10 estimated the surface scattering
cross section of C60 adsorbates on a Cu film by means ofin
situ resistance measurements. The magnitude of the cross
section represents the relative amount of transferred charge
because conduction electrons in the metal underlayer feel

the charge transfer as an increase in the surface scattering
potential.

In this article, we report on the results of three stages of
experiments. First, the resistance of a conducting C60 mono-
layer on a polycrystalline Ag film was determined by means
of in situ resistance measurements. In order to discuss the
results in comparison with the previously obtained ones for
conducting C60 monolayers on Au and Cu, the amount of
transferred charge and the surface morphology of the metal
layer, which determine the resistance of the conducting
monolayer, should be known. In the second stage, another
series ofin situ resistance measurements to investigate the
relationship between the work function of the underlying
metal and the scattering cross section was carried out. This
series of measurements tells us whether the charge transfer is
simply dependent on the work function of the underlayer or
not. Third, atomic force microscopysAFMd measurements of
noble-metal underlayers were carried out. By AFM measure-
ments, we can observe the surface morphology of the metal
underlayer.

II. EXPERIMENT

We performedin situ resistance measurements while de-
positing C60 molecules on polycrystalline noble-metalsAu,
Cu, and Agd films. In addition, in order to observe the sur-
face morphology of the metal underlayer, AFM measure-
ments were carried out for these three noble-metal films.
Experimental details for these measurements are as follows.

All deposition and resistance measurements were per-
formed at room temperature in a vacuum chamber which
could be pumped to a base pressure of 8310−7 Torr. This
vacuum chamber had two heat sources for the evaporation of
noble metals and C60 molecules, a shutter and a quartz oscil-
lation device. To eliminate any possible residual solvent in
C60 powder, the powder was heated for several hours at a
temperature of about 200 °C in the vacuum chambersbelow
10−5 Torrd before deposition. A quartz glass with dimensions
of 1 cm31 cm was used as the substrate. On the quartzadElectronic mail: nouchi@nucleng.kyoto-u.ac.jp

JOURNAL OF APPLIED PHYSICS97, 103716s2005d

0021-8979/2005/97~10!/103716/7/$22.50 © 2005 American Institute of Physics97, 103716-1

Downloaded 31 May 2007 to 130.54.110.22. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp

http://dx.doi.org/10.1063/1.1897840
http://dx.doi.org/10.1063/1.1897840


substrate, four parallel electrodes made of Aus1 mm
38 mm330 nmd were fabricated with 1-mm distances be-
tween them, for the four-probe method. A thin noble-metal
film was deposited onto the electrodes by thermal heating of
a W boat. After this process, C60 was deposited onto the
noble-metal underlayer by thermal heating of a Mo boat.
During C60 deposition,in situ resistance measurements were
performed by the four-probe method. We monitored the av-
erage film thickness and the deposition rate using the quartz
oscillation device. Details of the resistance measurements
have been described previously.4

All AFM measurements of noble-metal underlayers were
conducted on an SPI3800N/SPA400 probe stationsSeiko In-
struments Inc.d in contact mode. These measurements were
performed in air at room temperature. All samples were 50-
nm-thick films on quartz glass substrates and were fabricated
in the vacuum chamber described above. These films were
deposited by thermal heating of a W boat with the
same deposition rate. All depositions were done at room
temperature.

III. RESULTS AND DISCUSSION

A. General features of changes in sheet conductance
resulting from C 60 deposition

The deposition of C60 molecules on a thin noble-metal
film dramatically changes the sheet resistance/conductance
compared to when noble-metal atoms are deposited succes-
sively. Figure 1 shows the change in the sheet conductance
of a C60/Au bilayer film, as a function of the conductances of
the Au underlayers. The values on the vertical axis represent
the differences in sheet conductances before and after C60

deposition. The conductance of the Au underlayer is an index
of the degree of the Au film growth. The change in sheet
conductance has four stages with respect to the degree of
underlayer metal growth.

In stage sid, enhancement of the conduction between
metal islands is dominant. Such island formation is seen in
the early stage of noble-metal film growth on insulating sub-
strates. This effect is dominant for ultrathin noncontinuous
films whose conduction is thermally active, and it increases
the sheet conductancesdecreases the sheet resistanced. How-

ever, this mechanism has little influence on the conductance
change of films in the conductance range considered
hereafter.4 Thus, this effect is neglected in the following
sections.

In stagesii d, formation of a conducting C60 monolayer is
dominant. The charge-transfer effect makes adjacent C60

molecules conducting. This effect is dominant for very thin
but continuous films, and it increases the sheet conductance
sdecreases the sheet resistanced.

In stagesiii d, enhancement of surface scattering gradu-
ally becomes dominant. The charge transfer gives rise to
charge separation, and this separation contributes to an in-
crease in the scattering potential of electrons at the interface
between C60 and the metal layer. This effect is dominant for
films whose resistivities are close to that of the bulk metal,
and it decreases the sheet conductancesincreases the sheet
resistanced.

In stagesivd, the metal underlayer becomes sufficiently
thick that the influence of the surface effect caused by C60

adsorption is almost negligible. The thickness of the metal
underlayer is larger than the mean free path of conduction
electrons in this stage. Therefore, the surface scattering of
the electrons no longer contributes significantly to the sheet
resistance.

These features are fundamentally the same for other
C60/noble-metal systems. In Secs. III B and III C,in situ re-
sistance measurements of stagesii d in order to determine the
resistance of a conducting C60 monolayer formed on a Ag
film, and stagesiii d in order to estimate the relative amount
of charge transferred across C60/noble-metalsAu, Cu, and
Agd interfaces, respectively, are presented.

B. Resistances of conducting C 60 monolayers

If a noble-metal underlayer is sufficiently thick that an
increase in resistance occurs by the deposition of C60 fstages
siii d and sivd in Fig. 1g, the decrease in resistance caused by
the formation of a conducting C60 monolayer is canceled out
and is hard to observe. Therefore, in order to measure the
resistance of the conducting C60 monolayer, it is necessary to
perform in situ resistance measurements when a decrease in
resistance occursfstagesii d in Fig. 1g.

Figure 2 illustrates the decrease in sheet resistance ob-
tained by depositing C60 on a 13-nm-thick Ag film. The ver-
tical axis indicates the sheet resistance of the C60/Ag bilayer

FIG. 1. Change in the sheet conductance of a C60/Au bilayer film. The
vertical axis represents the differences in sheet conductances before and
after C60 deposition. The change has four stages with respect to the conduc-
tances of Au underlayers, i.e., with respect to the degree of underlayer metal
growth.

FIG. 2. Change in sheet resistance with C60 deposition on Ag film, with a
final average thickness of 13 nm.
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film. A drastic changes71% decreased in the sheet resistance
is observed. The change in resistance is complete after the
deposition of 1 nm, nearly the thickness of one monolayer of
C60, which represents the formation of a conducting C60

monolayer. This result is in excellent agreement with other
works.4,10

Resistances of conducting C60 monolayers can be calcu-
lated by assuming that resistances of a C60 monolayer and a
Ag underlayer make a parallel connection, as illustrated in
Fig. 3. If the initial sheet resistance of a thin Ag film,Ri, is
lowered to the final sheet resistance of the C60/Ag bilayer,Rf,
by deposition of C60, the resistance of the conducting C60

monolayer,RML, is expressed as

RML =
RiRf

Ri − Rf
. s1d

This parallel resistance formula gives the resistance of the
C60 monolayer in Fig. 2 as 0.8 kV.

Figure 4 shows the resistances of conducting C60 mono-
layers formed on thin Ag films with various conductances. A
values on the horizontal axis show the conductances of the
Ag underlayers. The resistance of the conducting C60 mono-
layer decreases as the conductance of the metal underlayer
increases, i.e., as the underlayer grows. The growth of noble-
metal underlayers has three stages. In the first stage, the for-
mation of metal islands is seen. Then, these islands begin to
connect to each other and form a mesh structure. Finally,
metal atoms cover the whole surface of the substrate and the
metal film becomes completely continuous. As such, the
growth of the metal underlayer implies the enlargement of
the C60-metal interfacial area. Thus, the more the underlayer
grows, the more C60 molecules receive electrons from the

metal film. The values of the observed plateau of the resis-
tance curve in Fig. 4 can be attributed to the resistance of a
conducting C60 monolayer formed on completely continuous
metal films. By averaging the values in the plateausabove
0.3 mSd, 0.7±0.1 kV is obtained for the resistance of the
conducting C60 monolayer formed on the Ag underlayer.

In the previous article,4 the resistances of conducting C60

monolayers formed on Au and Cu films were found to be
0.9±0.2 and 2.4±0.4 kV, respectively. Meanwhile, generally
accepted values of work functions of polycrystalline Au, Cu,
and Ag are 5.1, 4.65, and 4.26 eV, respectively.12 As a simple
consideration, C60 molecules on metal films with lower work
functions receive more electrons from metal atoms, and the
resistance of the C60 monolayer would be lower. Resistances
obtained for conducting C60 monolayers, however, do not
show a simple dependence upon the work functions of un-
derlayer metals. In order to explain this result, the number of
electrons donated to the LUMO with respect to the work
function of the underlying metal is investigated in Sec. III C.
In addition, the surface morphology of the metal underlayer,
another factor in determining the resistance of a conducting
C60 monolayer, is examined by means of AFM measure-
ments in Sec. III D.

C. Charge transfer across C 60/noble-metal interfaces

In this subsection, the surface scattering cross section of
conduction electrons is determined by the change in resistiv-
ity induced by C60 adsorption onto a metal surface. The mag-
nitude of the cross section represents the relative amount of
transferred charge across C60/noble-metal interfaces because
conduction electrons in the metal underlayer feel the charge
transfer as an increase in the surface scattering potential.

If the film thickness is comparable to or smaller than the
mean free path of conduction electrons, surface scattering
effects exert a large influence on its resistivity. For continu-
ous thin films, the resistivity can be expressed as

r = r0S1 +
al0
d
D , s2d

wherer0 is the bulk resistivity, the parametera a constant
which represents the degree of electron scattering at film
surfaces and grain boundaries,l0 the mean free path of elec-
trons in the bulk material, andd the film thickness. Thed−1

dependence is known as the classical size effect.13 When
foreign molecules adsorb at the film surface, they act as new
scattering centers for the conduction electrons. Thus, the
scattering parametera increases with increasing coverage,
and it follows from Eq.s2d that

Dr =
r0l0
d

Da. s3d

In the generally accepted theory of resistivity of thin
metal films, Fuchs–SondheimersFSd model,14 the scattering
parametera is related to the parameterp, the fraction of
electrons reflected specularly at the film surfacessfilm-
vacuum and film-substrate boundariesd, as

FIG. 3. Schematic diagram of resistances of a conducting C60 monolayer
and a metal underlayer which makes a parallel connection.

FIG. 4. Change in the resistance of a conducting C60 monolayer as a func-
tion of the conductance of a thin Ag underlayer. The resistances are calcu-
lated from experimental data, with the assumption that the resistances of a
C60 monolayer and a metal underlayer make a parallel connection, as illus-
trated in Fig. 3.
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a = 3
8s1 − pd. s4d

Sincep is allowed to vary only between zero and one, the
resistivity increaseDr obviously cannot exceed a fixed lim-
iting value.15 During the adsorption, the electron scattering at
the film-substrate boundary remains unchanged, so that the
limiting value is characterized by

Dpmax= −
1

2
, s5d

and the maximum possible increase in resistivity becomes

Drmax=
3

16

r0l0
d

. s6d

A scattering hypothesis proposed by Wissmann16 ex-
presses the increase in scattering parameter,Da, as the prod-
uct of the surface density of adsorbate scattering centersna

and the related mean scattering cross sectionS. Therefore,
the increase in resistivity becomes

Dr =
r0l0
d

naS. s7d

It is obvious from this equation that the scattering hypothesis
has a significant deviation from FS model becauseDr has no
limiting value. However, this hypothesis can be applied to
the resistivity change resulting from adsorption of molecules
onto metal films with very rough surfaces, e.g., cold-
deposited metal films, whose value ofDr can exceed the
maximum change predicted by FS model.15,17

Table I showsdDr values of noble-metal films fabri-
cated in this study. The values ofdDr are obviously below
the theoretical maximum values calculated by Eq.s6d fusing
calculated free-electron parameters,18 the values ofr0l0 are
8.39, 6.60, and 8.43s10−12 cm2d for Au, Cu, and Ag, respec-
tivelyg. Hebardet al.10 estimated the surface scattering cross
section of C60 adsorbates on a Cu film by means of the scat-
tering hypothesis. However, metal films in this study can be
described within the framework of FS model, and a method
other than the scattering hypothesis is needed to estimate the
scattering cross section for C60/noble-metal systems investi-
gated in this study. A commonly measured parameter in re-
sistivity measurements is the initial slope of the resistivity
change versus the surface density of adsorbates, which de-
pends on the adsorbate-substrate system.19 This has been in-
terpreted in terms of an effective cross section for diffusive
scattering of conduction electrons by the adsorbate,20 defined
by

S =
16

3

ne2d

mvF
U ]r

]na
U

na→0
, s8d

wheren is the conduction electron density in the metal,e the
unit charge,m the effective electron mass, andvF the Fermi
velocity.

Figure 5 shows the increase in resistivity obtained by
depositing C60 on a 15-nm-thick Au film. The change in
resistivity is almost complete after the deposition of one
monolayer which corresponds to a surface density of 1.11
310−2 Å−2 if the C60 overlayer is close packed with 10.2-Å
nearest-neighbor separations as in the bulk crystal of C60.

As described in Eq.s8d, the initial slope of the change in
resistivity is needed to determine the scattering cross section
S. However, the recorded datasFig. 5d are not suitable for
this purpose. The apparent change in resistivity includes con-
tributions from two different changes: namely, resistivity in-
crease by the surface scattering of conduction electrons from
adsorbates, and resistivity decrease by the formation of a
conducting C60 monolayer. Therefore, to determine the value
of S, it is necessary to subtract the resistivity-decrease effect.
The decrease effect alone can be acquired from a measure-
ment of the C60 adsorption onto a thinner metal filmscf. Sec.
III B or Ref. 4d because the scattering length of conduction
electrons in the thinner film is so short that the surface scat-
tering phenomenon gives rise to almost no additional resis-
tivity sthis is ensured by the observed plateau in Fig. 4d.
After this subtraction process, resistivity data suitable to
evaluateS can be obtained, as in Fig. 6. The straight line
indicates the initial slope of the change in resistivity.

As mentioned above, the cross sectionS is system spe-
cific. Therefore, according to Eq.s8d,

U ]r

]na
U

na→0
~ 1/d, s9d

for the same adsorbate-substrate system if it is assumed that
S is independent ofd, as expected, if the metal film is thick
enough. This relation is well represented in Fig. 7. The
straight line has the slope21 as expected for a log-log plot;
this line was determined by the least-squares method. From
this regression line, we obtained

TABLE I. The values ofdDr for noble-metal films fabricated in this study.
The maximum possible valuesdDrmax are calculated by Eq.s6d.

dDrmaxsmV cm Åd dDrsmV cm Åd

Au 160 ,30
Cu 120 ,40
Ag 160 ,70

FIG. 5. The apparent change in film resistivityDr as a function of C60

coverage for a 15-nm-thick Au film.
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dU ]r

]na
U

na→0
< 1.53 104smV cm Å3d, s10d

and using the values of the free-electron model18 and assum-
ing a value ofm identical to the free-electron masssthese
assumptions are reasonable for noble metals used in this
studyd give S<100sÅ2d. By the same procedure, the values
of the scattering cross sectionS are found to be 150 Å2 for
both C60/Cu and C60/Ag systems. These values are one order
larger than other chemisorption systems.20 However, consid-
ering that the charge redistribution at interfacial area between
C60 and noble-metals111d surfaces ranges over,50 Å2,21,22

these values are not unreasonable for the scattering cross
sections of conduction electrons.

Obtained cross sections which relatively represent the
amounts of transferred charged do not show a simple depen-
dence on the work function of the underlayer. The charge
transfer from Au underlayer, with the highest work function,
is the smallest as expected intuitively. There is, however, no
difference in the amounts of transferred charge between Cu
and Ag underlayers. This result is consistent with the direct
observation by ultraviolet photoelectron spectroscopysUPSd,
in which the amounts of charge transfer across the
C60/polycrystalline noble-metal interfaces were determined
as 1.8 electrons for Cu, 1.7 for Ag, and 1.0 for Au

substrates.23 These results can be considered as a conse-
quence of differences in the strength of the hybridization of
the LUMO with the substratesp band.2,23

D. Effect of surface morphology of metal underlayer

Besides the amount transferred charge, the surface mor-
phology of the metal layer also has an effect on the resis-
tance of conducting C60 monolayers. Figure 8 shows the sur-
face morphologies of 50-nm-thick noble-metal films. The
difference in grain size among these three metal films can be
seen from these scans. The size obviously decreases for the
series Ag, Au, and Cu. This fact also appears in percolation
threshold for conductionsFig. 9d. These differences in the
grain size and the threshold result from the difference in
wetting between these metals and the quartz glass substrate.
Parameters of film morphologies determined by AFM mea-
surements are summarized in Table II. The grain concentra-
tion was roughly estimated from AFM scans shown in Fig. 8.
Although the Cu film has the smoothest surface, conducting
C60 monolayers formed on Cu films have the highest resis-
tance. This fact implies that the grain concentration plays an
important role.

At the initial stage of C60 growth on s111d surfaces of
Au, Cu, and Ag, the C60 molecules adsorb exclusively at step
edges.24 This can hold for the present study. Since thes111d
surface of fcc crystals is the most closely packed and ener-
getically stable,20 it is expectedsand found experimentallyd
that the surface of a noble-metal film deposited at room tem-
perature is predominantlys111d. A metal grain in such a
metal film has an almost square shape and the film thickness

FIG. 6. The change in film resistivity due only to the increase in the surface
scattering of conduction electrons. The resistivity-decrease effect by the for-
mation of a conducting C60 monolayer is subtracted from the data shown in
Fig. 5. The straight line indicates the initial slope of the change in resistivity.

FIG. 7. The initial slope of the change in resistivity,]r /]na sna→0d, vs the
film thickness of Au films,d, plot. The straight line is a regression fit with a
slope of21.

FIG. 8. AFM scans of 50-nm-thicksad Au, sbd Cu, andscd Ag films depos-
ited onto quartz glass substrates.

FIG. 9. Thickness dependence of conductivity of noble-metal films on
quartz glass substrates measured by the two-probe method. The difference in
percolation threshold for conduction results from the difference in wetting
between these metals and the quartz substrate.
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sheightd fluctuates mainly near grain boundary.16,17 There-
fore, a film with higher grain concentrationswith smaller
grain sized is expected to have more step edges. If the charge
transfer to C60 at step edges is smaller than that on other
adsorption sites, the curve of resistivity change due to C60

adsorption should have an s-shaped profile like CO adsorp-
tion on a Cus111d surface.19 The s shape was observed only
on the C60/Cu system, as shown in Fig. 10. Although this
should occur on all systems investigated in this article, the
high deposition ratesabout four monolayer/mind and lower
grain concentration might have prevented the observation of
the s shape on C60/Au and C60/Ag systems.

The scattering cross section of the C60/Cu system, ob-
tained in Sec. III C, was determined by the solid straight line
in Fig. 10. Properly speaking, this procedure has a deviation
from Eq.s8d. However, the linearity of the range fitted by the
line ensures that it is reasonable to determine the cross sec-
tion from the “second” slope of the change in resistivity.16

The broken line determines the scattering cross section for
C60 adsorbed mainly at step edges. Employing the same pro-
cedure as in Sec. III C, the cross section of,40 Å2 is ob-
tained. This value is even smaller than that of the C60/Au
system. Therefore, higher concentration of metal grains in a
Cu film indicates that less number of C60 molecules are
“fully” electron donated from metal underlayers. This is why
the resistance of conducting C60 monolayers formed on Cu is
smaller than the resistances of C60 monolayers formed on Au
and Ag.

In order to explain the resistance measurement results
for Au and Cu, a method to estimate the number of trans-
ferred electrons for alkali fullerides, which uses Raman shifts
of the charge sensitiveAgs2d pentagonal breathing mode of

C60 molecules, was adopted for the C60-noble-metal systems
in the previous article.4 In the present work, however, this
method has not been employed as it is not suitable for
C60-noble-metal systems. This is for the following reasons.
The results of surface enhanced Raman-scatteringsSERSd
experiments25 showed that the shifts of theAgs2d mode of
C60 molecules on the Au, Cu, and Ag substrates were215.4,
223.2, and −28.3 cm−1, respectively. If a calibration of −6
-cm−1 shifts per electron transferred to each molecule, which
is used for alkali fullerides,26 is adopted for the present case,
then these shifts correspond to the transfer of 2.6, 3.9, and
4.7 electrons. Employing these data, it was possible to ex-
plain the fact that a C60 monolayer formed on a Au film had
a lower resistance than that formed on a Cu film.4 However,
effects other than charge transfer, such as covalent interac-
tions, contribute to the SERS shifts, and such a local envi-
ronment of the C60 molecule affects the charge state of the
molecule. C60 molecules in alkali fullerides are surrounded
by metal atoms whereas those in C60-noble-metal systems
are not. Therefore, the calibration used for alkali fullerides
cannot be adopted for C60-noble-metal systems.

In addition, it was suggested that the large amount of
charge transfer in alkali fullerides is due to the stabiliza-
tion of charge state by the Madelung electrostatic energy of
the crystal structure.27 Actually, Hoogenboomet al.23 per-
formed valence-band photoemission spectroscopy on
C60/polycrystalline noble-metal interfaces and observed the
transfer of 1.8 electrons from Cu, 1.7 from Ag, and 1.0 from
Au substrates onto C60. Because the C60 /noble-metal bilayer
does not form a three-dimensional solid solution and the sta-
bilization by the Madelung energy does not occur, these val-
ues are smaller than those obtained above by employing the
calibration for alkali fullerides.

IV. CONCLUSION

We performedin situ resistance measurements for the
deposition of C60 molecules on a polycrystalline thin Ag film
and obtained a resistance of 0.7±0.1 kV for the conducting
C60 monolayer formed on the Ag underlayer. By another se-
ries of in situ resistance measurements, the surface scattering
cross sections of C60 adsorbates on polycrystalline Au, Cu,
and Ag films, whose magnitude represents the relative
amount of transferred charge, were evaluated as 100 Å2 for
C60/Au, and 150 Å2 for C60/Cu and C60/Ag systems. This
behavior indicates that the number of donated electrons does
not show the simple dependence upon the work functions of
the metals. The result is, however, consistent with the di-
rectly observed charge transfer by means of ultraviolet pho-
toelectron spectroscopy.23 This unintuitive behavior may re-
sult from the difference in the strength of the hybridization of
the LUMO with the substratespband.2,23 However, compari-
son with previous results for monolayers formed on Au and
Cu sRef. 4d indicated that the resistances of conducting C60

monolayers did not show a simple dependence upon the
charge transfer. Then, AFM measurements on the underlayer
metals were carried out, and these showed that the difference
in grain size of the underlayers can explain why the resis-
tance of conducting C60 monolayers formed on Cu is smaller

TABLE II. Film morphologies determined by AFM measurements on the
noble-metal films shown in Fig. 8.

rms roughness
snmd

Peak-valley
snmd

Grain concentration
s10−4 nm−2d

Au 1.5 10.6 ,9
Cu 0.8 6.7 ,22
Ag 1.5 9.1 ,7

FIG. 10. The change in film resistivityDr as a function of C60 coverage for
a 20-nm-thick Cu film. The resistivity-decrease effect by the formation of a
conducting C60 monolayer is subtracted and the change due only to the
increase in the surface scattering of conduction electrons is shown. The
straight lines indicate the slopes of the change in resistivity.
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than that of those on Au, despite the larger charge transfer
across the C60/Cu interface. As such, there are two main
factors that determine the resistance of conducting C60

monolayers formed on polycrystalline noble-metal films:
namely, the charge transfer and the grain size of underlayer
metals. Further research is required to obtain an understand-
ing of the relative contributions of these two factors. For
instance, measurements of the resistances of C60 monolayers
formed on noble-metal films with different grain sizes should
be carried out. Metal films with different grain size can be
obtained by depositing metal atoms at different deposition
rates or different deposition temperatures.
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