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The resistances of conductinggdnonolayers formed on Au and Cu films were found to be 0.9
+0.2 and 2.4 0.4 K, respectively, byin situ resistance measurements. Although the amount of
charge transferred to eacl@@nolecule from the Cu film was greater than that from the Au film, the
conducting Gy monolayer formed on the Cu film had higher resistance than that formed on the Au
film. This result is consistent with resistance data for alkali fullerides.2@®3 American Institute

of Physics. [DOI: 10.1063/1.1598299

I. INTRODUCTION IIl. CHANGE IN RESISTANCE BY DEPOSITING Cg,

_ ) The deposition of g5 molecules on a thin noble metal
The discovery of a mass production method fgs QRef. il dramatically changes the sheet resistance compared to
1) has stimulated widespread research into this type of magepositing metal atoms successively. Both increases and de-
terial, referred to as a fullerene. The most significant discovgreases can oceur.
ery has been the superconductivity in alkali fulleridéghis An increase in resistance is typical for films whose re-
property of fullerene-based compounds is caused by the lowjstivities are close to that of the bulk metal. There are two
work function of alkali metals and the hlgh electron affinity main mechanisms for the resistance increase. First, a de-
of Cg molecules which favor charge transfer acrosscrease of carrier density in the metal film: the charge transfer
Ceo—metal interfaces. This charge transfer effect is not refrom metal atoms to & molecules causes a lack of carrier
stricted to alkali or alkali-earth metals. Electrons are transelectrons in the metal film. Second, enhancement of surface
ferred from noble metals to & molecules, although the scattering: the charge transfer gives rise to charge separation,
work functions of noble metals are higher than those of aland this separation contributes to an increase in the scattering
kali metals. The evidence of such a charge transfer effect hgmtential of electrons at the interface betweeg é@nd the
been observed in various experiments such asnetal layer.
photoemissiorf;® Raman scattering,electron energy loss A decrease in resistance is typical for films with very
spectroscopy, scanning  tunneling  spectroscofly, high sheet resistance. There are two main mechanisms for
luminescencé! second-harmonic generation studitsind  the resistance decrease. First, enhancement of the conduction
in situ resistance measurements:® Among them,in situ  between metal islands: such islafducleus formation is
resistance measurements enable us to observe the chaggen in the early stage of growth of noble metal films on
transfer by the change in sheet resistance while depositingsulating substrates. Many conduction models for noncon-
Ceo 0N thin noble metal films or vice versa. tinuous films with metal islands have been reported. For ex-
In alkali fullerides, alkali metals occupy the interstitial @mple, thermal emission conductivityin the low-field re-
sites of the @, lattice, since the cohesive energy of alkali 9ime can be written as
metals is su_fficiently_low. Noble mgtals, howe\{er, have  goexp(—(ClkgT)Y3,
higher cohesive energies, and cannot intercalated intodhe C ) )
lattice and form a three-dimensional solid solution. For the/N€€Ke is the Boltzmann constant, is the temperature,
case of G, deposited on thin noble metal films, therefore, aand the value o€ depends on the relative dielectric constant

bilayer structure is formed as illustrated in Fig. 1. Electrons? the conduction mediumQz:1/e). For Gso, & is greater

transfer to the adjacent monolayer af,CRefs. 13—1Ffrom than 47~ which is much larger than for the vacuum. Thus, the

) involvement of Gy as a tunneling medium decreases the
metal atoms and make @nductingCgq monolayer. Hebard . . )
17 L : sheet resistance afoncontinuougmetal films. Second, the
et al.’ performedin situ resistance measurements of the

. . formation of n in monolayer: the charge transfer
Cso/ Cu bilayer structure and reported that the resistance OP ation of a co .dUCt g é monolayer: the cha get.a ste

. effect causes adjacentggCmolecules to conduct. It is not
a conducting G, monolayer on a Cu underlayer was ap-

imatelv 8 K. In this articl ton the infl possible for the g, film on the bare substrate between metal
proximatety - In this article, we report on the INfIUENCe 51045 to contain conducting electrons. Therefore, the de-
of the work functions of underlayer metals on the resistances case in resistance by the formation of the conductigg C

of conducting G monolayers formed on Au and Cu under- ., 1aver occurs when the metal underlayecastinuous

layers. In order to measure the resistance of the conductigg C
monolayer, it is necessary to perfoimsitu resistance mea-

dElectronic mail: nouchi@nucleng.kyoto-u.ac.jp surements for the case of the resistance decrease.
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I1l. EXPERIMENTAL DETAILS % '
t
All deposition and resistance measurements were per- 08 '
formed at room temperature in a vacuum chamber which - '
could be pumped to a base pressure sf1® ' Torr. This 'S 06} ¥
vacuum chamber had two heat sources for the evaporation of >
noble metals and £ molecules, a shutter, and a quartz os- 04k
cillation device. To eliminate any possible residual solvent in
Ceo powder, the powder was heated for several hours at a 02k
temperature of about 200 °C in the vacuum chanibetow ) (b) continuous
10" ° Torr) before deposition. A quartz glass with dimen- :

I
sions of 1 cmxX'1 cm was used as the substrate. On the quartz 0.0 L : "
substrate, four parallel electrodes made of Au (1 mm 0 200 400 600 800
X 8 mmx 30 nm) were fabricated with 1 mm distances be- Time (sec)
tween them for the four-probe method. A thin Au or Cu film
was deposited onto the electrodes by thermal heating of a \W/G. 2. Time course of the sheet conductance of thin Cu films from the start
b Af hi d ited h bl of deposition.(a) Noncontinuous Cu film with a final average thickness of
oat. After this process, g was gposne onto the no .e 3.2 nm.(b) Continuous Cu film with a final average thickness of 6.4 nm.
metal underlayer by thermal heating of a Mo boat. DuringThe dotted lines indicate the time at which the shutter of the evaporation
Ceo deposition,in situ resistance measurements were per-source was closed.
formed by the four-probe method. We monitored the average
film thickness and the deposition rate using a quartz oscilla-
tion device.
During the deposition of g molecules onto the noble noble metal growth, as described above. If the supply of
metal underlayer, the heat radiation from the evaporation 9 ' : PRYy

: : metal atoms to the substrate is stopped at this stage, the sheet
source affected the sheet resistance. This temperature depen- PP 9

. . n n f the film r rapidl ms movi
dence of the resistance disturbed accurate measurement Cocf ductance of the decreases rapidly as adatoms move

the resistance of the conductingg@nonolayer. To compen- and coalesce to increase the distance between metal
0 ' islands?! As the metal film grows further, metal islands be-

sate for the heat difference in heat before and after openingome connected to each other and the film becomes continu-
the shutter of the evaporation source foj,Canother heat : A .
us. If the supply of metal atoms is stopped in this regime,

source was turned on until the shutter was opened. We erﬁ)t—1 heet duct fthe film i dat
ployed the W boat, which was not used during the depositiorli €s eethcont#c ?Ince gh € mm ||:r?cre2ases a:f] a :?loms move
of Cgg, as the compensating heat source. The current of thi Smoothen the film. >Nown In F1g. 2 are the changes in
compensating heat source was adjusted so as to yield eet conductance during and after the deposition of Cu on

change in the sheet resistance after opening the shutter of tHa® duartz glass substrate. The conductance decf&ige
Mo boat without G, powder. 2(a)] and increas¢Fig. 2(b)] after stopping deposition con-
firm that the thin Cu films are noncontinuous and continuous,

respectively.
Figure 3 illustrates the decrease in sheet resistance by
In order to say that the observed resistance decreastepositing Gy on a thin Cu film. The vertical axis indicates
originates from the conductinggglayer, it is necessary to the sheet resistance normalized to the value of the resistance
know whether the metal underlayer is noncontinuous or conef the Cu film before g, deposition,R(0). The average
tinuous. The formation of islands is seen in the early stage athickness and resistance of the Cu underlayer are 5.5 nm and

IV. RESULTS AND DISCUSSION
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1.43 K2, respectively. A drastic chan@®2% decreasen the g 7
sheet resistance is observed. This change is due to the con- & 1olLg ]
ducting G layer brought about by charge transfer from Cu 2 L i
atoms to G, molecules because the Cu underlayer is con- © - 4
tinuous according to the criterion described above. The most - .
important fact is that the sheet resistance does not change i ° .
when the average thickness of thg,©verlayer is over 1 5 B o ]
nm, which is approximately equal to a thickness of one | .. o
monolayer. This indicates that the charge transfer is limited R o ‘ G & '0..
to one monolayer and makes a conducting @onolayer’ L g
Shown in Fig. 4 are the resistances of conducting C 0 i N i i .
monolayers formed on thin Au and Cu films with various 00 05 1.0 15 20 25
conductances. These values are simply calculated with ex- ) ' ’ ’ ) ’
perimental data by assuming that the resistances of gge C Metal underlayer conductance (mS)

monolayer and of the metal underlayer make a parallel con-

nection. The values of the horizontal axis show the conducE!G: 4 Change in resistance of a conducting @onolayer as a function of
the conductance of thifa) Au and (b) Cu underlayers. The values are

tances of the metal underlayers. Employing the criterion forsimply calculated with experimental data assuming that the resistances of a
the continuity of metal filmgFig. 2), all the data in Fig. 4 ¢, layer and a metal underlayer make a parallel connection.
correspond to continuous metal underlayers. Therefore, en-
hancement of conduction between metal islands by deposit-
ing Cgo, Which occurs when the metal underlayer is noncon+rons than those on a Au film because the work function of
tinuous, has no effect on the resistances of thg C Au is higher than that of C¢5.1 and 4.65 eV for bulk Au
monolayers. The resistance of the conductiggr@onolayer and Cu, respectively The conducting g monolayer on the
decreases as the conductance of a metal underlayer increasés, film, however, has higher resistance than that on the Au
i.e., as the underlayer grows. In the initial stage of the confilm.
tinuous regime of noble metal growth, metal islands beginto It is well known that A;Cgytype alkali fullerides A
become connected to each other and form a mesh structure K, Rb) have the smallest resistance. This corresponds to
Then, metal atoms cover the whole surface of the substratealf filling of the lowest unoccupied molecular orbital
and the metal film becomes completely continuous. Th€LUMO)-derivedt,, band, which is equivalent to the transfer
growth of the metal underlayer implies enlargement of theof three electrons. The concentration of alkali metal at@Gms
Ceo—metal interfacial area. Thus, the more the underlayein A,Cqo) thus indicates the number of transferred electrons
grows, the more g molecules receive electrons from the per Gy, molecule. Meanwhile, the results of surface-
metal film. enhanced Raman scattering experimerstsowed that the
The values in the observed plateau of the resistancehifts of the charge sensitive ) pentagonal breathing
curves(Fig. 4) can be attributed to the resistance of a con-mode of Gy molecules on the Au and Cu substrates are
ducting G, monolayer. As averages of the values in the pla-—15.4 and—23.2 cm %, respectively. Using a calibration of
teaus (above 1 mS for both data 0.9+0.2 and 2.4 —6.1 cm *shifts per electron transferred to each moleéle,
+0.4 k() are obtained for the resistances of the conductinghese shifts correspond to the transfer of 2.5 and 3.8 elec-
Cso monolayers formed on the Au and Cu underlayers, retrons. In terms of the resistance of alkali fullerides, g&gq
spectively. Gg molecules on a Cu film receive more elec- has about 10 times higher resistance thapn;Cg,, and
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