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Consistent size dependency of core-level binding energy shifts and single-electron tunneling effe
in supported gold nanoclusters

Taizo Ohgi* and Daisuke Fujita
National institute for Materials Science, 1-2-1 Sengen, Tsukuba, Ibaraki, 305-0047, Japan

~Received 8 March 2002; revised manuscript received 28 May 2002; published 19 September 2002!

Uniform Au-clusters supported on well-defined substrate@octanedithiol/Au~111!# were analyzed by tunnel-
ing and x-ray photoelectron spectroscopy. Single-electron tunneling effect and the binding-energy shift ob-
served in these spectroscopies exhibit the consistent cluster-size dependency. Au 4f core-level shift of the
supported clusters can be well explained by the charging energye2/2C, whereC is the capacitance between a
cluster and its surroundings. The main contributions to thisC are the self-capacitance of the cluster, the
dielectric constant of the octanedithiol layer (e;3) and the effect of the substrate. The other possible contri-
butions are attributed to the effect of nearest-neighbor clusters and the electron spillout from the cluster and
substrate due to the coupling between the molecular orbital and the conducting electrons.

DOI: 10.1103/PhysRevB.66.115410 PACS number~s!: 73.22.2f, 79.60.2i, 73.23.Hk
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I. INTRODUCTION

The ionization potentialI and the electron affinityA of
small metal clusters with a variety of diameters mediate
tween those of an atom and the work functionW of a bulk
solid @Fig. 1~a!#.1 The main origin of the difference ofA and
I from W is the classical electrostatic effect to inject an ele
tron or a hole in the limited space. When a cluster with
radius ofR exists in a vacuum, the self-capacitance~the ca-
pacitance toward grounded infinity! is defined asCself
54pe0R from the simple conducting-sphere model. F
electron injection and extraction in a small cluster syste
the charging energye2/2C of a cluster should be taken int
account. In a classical model,A and I for the cluster can be
expressed by

A5W2e2/2C5W2m~1!,

I 5W1e2/2C5W2m~0!, ~1!

wherem(N) is the chemical potential of the cluster when t
number of excess electrons changes fromN21 to N. It is
obvious thatA andI depend on the cluster size and conver
on W in the infinite limit, which has been intensively studie
by photoionization and photoelectron spectroscopy with f
cluster beams1 or supported clusters.2,3

On the other hand, tunneling spectroscopy can also m
sure the chemical potential of a cluster through the sing
electron tunneling~SET! effect.4 When a cluster is placed
between two electrodes with the distance at which tunne
of electrons is possible, the current can flow only when
Fermi energy of the electrode exceeds the chemical pote
of the cluster~Coulomb blockade! as shown in Fig. 1~b!.
When the number of excess electrons in the cluster cha
from N to N11, the chemical potentialm(N11) is given by
(2N11)e2/2Ctotal, where Ctotal is the total capacitance o
the cluster towards the environment including electrod
When the two tunnel junctions have appropriate structu
the current changes stepwise as the excess electrons inc
one by one~Coulomb staircase!. The main interest for SET
devices is to fabricate a structure as small as possible, so
0163-1829/2002/66~11!/115410~5!/$20.00 66 1154
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the charging energy of the systeme2/2Ctotal can overcome
the electron thermal energykBT. The lower limit of the total
capacitance of a center island is its self-capacitanceCself,
and hence, the upper limit of the charging energy
e2/2Cself. In the case of a cluster with a diameter of 1 n
Cself is ;10219 F ande2/2kBCself;104 K, which allows the
device operation at room temperature.5,6

In this paper, we report that the binding-energy shift
the supported metal clusters has the origin in their chem
potential m(0) determined by the capacitance between
cluster and the substrate@Fig. 1~c!#. Gold deposited
octanedithiol/Au~111! samples provide uniformly sized Au
nanoclusters@Fig. 1~d!#, well-defined tunneling barriers an
atomically flat substrate,7 which enables us to compare e

FIG. 1. ~a! Work function of a bulk metal, and ionization poten
tial ~IP! and electron affinity~EA! of an atom. IP and EA of clusters
mediate between them.m1 andm2 denote the chemical potential
m(1) andm(0), respectively;~b! Schematic diagram and equiva
lent circuit for tunneling spectroscopy on Au-cluster/octanedith
Au~111! sample;~c! Those for photoelectron spectroscopy; and~d!
STM image of Au-nanoclusters grown on octanedithiol/Au~111!
substrate at 1.9 monolayer coverage (104 nm360 nm).
©2002 The American Physical Society10-1
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perimental results with simple physical models and a
minimizes the fluctuation of macroscopic data obtained
photoelectron spectroscopy. Scanning tunneling microsc
and tunneling spectroscopy can clarify the coupling am
tude of a cluster with the substrate geometrically and elec
cally. Spectroscopy at low-temperature provides the coup
parameters of each cluster, most of which were not able t
determined in the measurements at room temperature du
the thermal fluctuation.7 We examined the prepared sampl
by photoelectron and tunneling electron spectroscopies in
pendently and found that the results from both sp
troscopies show consistent cluster-size dependence in
charging effect of supported metal clusters.

II. EXPERIMENTAL

The preparation method of the samples was repo
elsewhere.7 The size of the clusters can be controlled by t
amount of Au deposition on octanedithiol/Au~111! substrate.
These nanoclusters, 10–30 Å in diameter with small stand
deviation (s, less than 15% of the diameter!, spread over the
surface with a density of 1.2–0.631013/cm2 for Au-apparent
coverage between 0.25–4 monolayers~ML ! @Fig. 1~d!#. The
octanedithiol layer on Au~111! is homogeneous and ha
;10 Å in thickness.

Tunneling spectroscopy was performed by using
variable-temperature scanning tunneling microscope~VT-
STM, Omicron! in UHV (;1028 Pa) at the temperature o
;30 K. In order to minimize the effect of the work-functio
difference, Au-coated tungsten tips~1000 Å in thickness de-
posited by dc-Magnetron sputtering! were used. The spec
troscopy was performed under high set-impedance co
tions (R.10 GV). The radius of clusters was determine
from the density of clusters and the amount of Au-deposit
assuming the spherical shape of the clusters. The param
@the resistance and capacitance between a tip and a cl
(R1 ,C1), ones between a cluster and a substrate (R2 ,C2)
and residual charge (Q0), see Fig. 1~b!# were obtained by
least squares fittings ofI 2V curves~Coulomb staircase! us-
ing the orthodox theory8 with barrier suppression
modification.9 To determine these parameters for a clus
the fittings were separately performed for more than teI
2V curves obtained by single bias sweep~i.e., not averaged!
and the dispersions of each parameter were checked.

X-ray photoelectron spectroscopy~XPS, PHI 5400! with
Mg-Ka x-ray ~1253.6 eV and 200 W! and a pass energy o
35.75 eV was used for the observation of Au 4f core-level
spectra. To enhance the cluster contribution to the spect
shallow takeoff angle (15°) of photoelectrons was selec
The cluster contribution to each Au 4f spectrum was ob-
tained by subtracting the spectrum obtained on octanedith
Au~111! substrate, with the amplitude determined by the
tenuation of the C 1s spectrum from octanedithiol layer.

III. RESULTS AND DISCUSSION

Due to the small self-capacitance of these clusters,
possible to observe Coulomb blockade even at ro
temperature.5,7 However, Coulomb staircase is infrequent
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observed since the double tunnel junctions in our system
under the conditions,C1 /C2,1 and R1 /R2.1, which
makes the characteristics onI 2V curves smaller10 and the
thermal energy smears these fine structures. Although
measurement at room-temperature provided the qualita
analysis of the cluster-size dependency in the charging ef
through the gaps inI 2V curves,7 the quantitative evaluation
of this system have been needed to compare the microsc
and macroscopic results from two spectroscopies in de
The observation at low temperature can clarify the therma
smeared features inI 2V curves and hence, the physical p
rameters around each cluster. TypicalI 2V curves are shown
in Fig. 2. The classification in Ref. 10 reveals that all curv
obtained in our experiments belong to either case I (Q0
.0), II (Q0;0) or IV (Q0,0) and do not belong to cas
III @C1 /C2 ,R1 /R2.1(,1)# without exception. As seen in
Fig. 2~a! the center gaps around the origin depend onC2 and
Q0 as (Q02e/2)/C2,V,(Q01e/2)/C2, while the periodic
structures in the curves depend onC1 and Q0 as (ne2Q0
2e/2)/C1, wheren50,61 . . . .4 These large periodic struc
tures minimize the fluctuation ofC1 and Q0 during curve
fittings, resulting in smaller errors~less than 10%!. It is ob-
vious that the capacitanceC1 andC2 are strongly dependen
on the cluster size as seen in Figs. 2~b! and 3~a!; with in-
creasing cluster sizeC1 andC2 increase monotonically. The
capacitances of each sample were determined from m

FIG. 2. Typical I 2V curves obtained by single bias sweep
;30 K. Solid curves are results of curve fittings by the orthod
theory with barrier suppression.9 ~a! Coulomb staircase from a clus
ter formed after 2.5 ML Au coverage and obtained parameters.~b!
The curves withQ0 of 60.2e and 0 are put together with the offse
proportional to the Au coverage~right axis!.
0-2
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than ten clusters randomly selected. The standard devia
@bars in Fig. 3~a!# are 10–20 % of these values, in goo
agreement with those of the cluster size7 since the self-
capacitance, main contribution to the total capacitan
should be proportional to the cluster size.

Coulomb staircase curves provide the information ab
the chemical potential differences between electrodes a
cluster. It was found that each cluster has its specific va
for Q0 and these values for the whole observed clusters
tribute aroundQ0;0 as shown in Fig. 3~b! (Q050.01e and
s50.17e). This clearly shows that@m(1)1m(0)#/2 of the
clusters is nearly equal to the Fermi level of the tip a
substrate at zero bias. As shown in the figure, Gaussian
tribution, in which the periodic feature ofQ0 is taken into
account, well-describes obtained results. More than 99%
clusters haveuQ0u of less than 0.5 whens50.17e and even
in a worse case (s50.3e), more than 90% of clusters are i
this range, indicating that most of clusters on substrate
electrically neutral.

All the obtainedI 2V curves can be fitted by the orthodo

FIG. 3. ~a! Cluster-size dependence of the capacitancesC1 , C2,
andCtotal . Each point is obtained from more than ten clusters r
domly selected and the bars show the standard deviations. The
ted lines denote the self-capacitance of a free cluster~lower! and
one supported on the layer (e;3), respectively. The dashed curv
denotes the capacitance including the contribution from the tip
substrate. The solid curve also includes the effect of sulfur ato
causing the electron spillout from the cluster and substrate~see
text!. Arrows and an open circle indicate the variation ofC1 shown
in ~c!. ~b! Distribution of Q0 obtained in this study. Solid curve
denote Gaussian distributions assuming the periodic feature ofQ0,
which haves of 0.17e, 0.2e, 0.25e, 0.3e, 0.4e, and 0.5e from the
top atQ050, respectively.~c! Relation betweenR1 andC1 taken
for one cluster grown after 3 ML deposition (R;12.5 Å).
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theory. However, in the small structure that has a small c
ter island with the same size of tunneling barriers, the m
contribution to the total capacitance of the cluster towa
surroundings is the self-capacitance of the cluster, while
contribution from the electrodes is less than;30% of the
total capacitance.11 When the cluster is not charged~i.e., neu-
tral!, the electric-field applied by electrodes polarizes t
cluster and accumulated charges (6Q8) appear on both the
sides of the cluster surface. Although the capacitances d
mined byC1(2)8 5Q8/V1(2) , whereV1(2) is the voltage drop
at the gap 1~2!, could be small enough when the gap h
longer distances,C181C28 can not give the total capacitanc
and apparently,C1(2)8 is not equal toC1(2) obtained by above
curve fittings sinceC1(2)8 ignores the self-capacitance contr
bution of the cluster. It is necessary, therefore, to check
applicability of simple curve fittings of double tunnelin
junctions to this system. In order to include the se
capacitance contribution, we introduce the gate capacita
~which is equal toCself) with the gate voltage that is auto
matically set to the electric potential of the center isla
without excess charge@VG5C18V/(C181C28) in the circuit of
Fig. 1~b!#. In this system the total capacitanceCtotal is C18
1C281Cself and this circuit acts like the double tunnelin
junctions without gate whose capacitances are describe
C1(2)5CtotalC1(2)8 /(C181C28). These capacitances satisfyC1

1C25Ctotal and C1 /C25C18/C28 , which indicates that the
orthodox theory for the double tunneling junctions can
applicable in this system without modification although t
self-capacitance does not explicitly appear, and hence,C18
andC28 are unknown from the curve fittings.

In order to investigate the tunneling barrier 1, the relati
betweenR1 andC1 was studied as shown in Fig. 3~c!. The
parameters were obtained for one cluster with the cons
bias voltage of 1 V and the set currents varied from 50 pA
5 nA. In a simple model,R1 and C1 can be roughly ex-
pressed by,R15R0exp(ld) and C15A/d, where l is
1.025Af (f is the work function in eV! andd is the distance
between the tip and the cluster. By the curve fitting and t
ing the typical value forl (;2.2), it can be determined tha
R052.6 KV and A51.8 aF Å. WhenR1510 GV, the tip-
cluster distanced is estimated to be about 7 Å. This indicate
that the clusters exist nearly at the middle between the
and Au~111! surface. Since the curvature of the tip apex
much larger than that of the clusters, the approximation o
cluster existing inbetween two flat plates is valid and the
fore, the ratio betweenC1 andC2 (C2 /C1;3) as seen in the
figure can be attributed to the dielectric constant of o
tanedithiol layer12 (e;2.7) which exists only between th
clusters and Au~111! substrate. Although the above relatio
betweenC2 and C18 indicates thatC2 depends on the tip
position,C18!C28 due to high-e minimizes this dependency

The total capacitance of the cluster can be numeric
calculated as shown in Fig. 3~a!. Even after the consideratio
about the self-capacitance, the effect of the tip and subst
and dielectric constant of the dithiol layer, the calculated o
~dashed curve in the figure! is not enough to explain the
obtainedCtotal (5C11C2). The possible origin will be dis-
cussed later.

-
ot-

d
s

0-3



g.
en
ro

o
hi
te
h
or
hu

-
ec
t
en
e-
nc
l
-

u

s to
gy

.
ate

ed
ow

ex-
uld

c-
oc-
sul-
se
c-

and
ize
-

rmi

gli-
no-
in

hey

ght

ect
lus-
ers,
-

ex-
m-

q.
the
that
cess
fea-
ld
del

er
rmi
be

g-

nc

r
e
u

TAIZO OHGI AND DAISUKE FUJITA PHYSICAL REVIEW B 66, 115410 ~2002!
The binding energy of Au 4f core-level from the clusters
also exhibits the cluster-size dependence as shown in Fi
The shallow takeoff angle (15°) of the photoelectrons
hances the contribution of the clusters whose growth is p
portional to the coverage@Fig. 4~c!#. Comparing with the
photoelectron from bulk metal, the emitted photoelectr
from a cluster feels positive charge left in the cluster. T
hole will be filled by the electron supplied from the substra
but it takes aboutt5R2C2;100 psec typically, long enoug
to lower the kinetic energy of the emitted electron but sh
enough to keep most of the clusters electrically neutral. T
as shown in Fig. 1~c!, the difference of the kinetic energyEK
can be expressed by

EK,cluster5hn2En2F1m~0!5EK,bulk1m~0!, ~2!

wherehn is the energy of photon,En is the binding energy
of atomic core level andF is the work function of the spec
trometer. With respect to the bulk binding energy, the sp
tral peaks move higher with decreasing cluster size. I
obvious that the binding-energy shift and the charging
ergy derived frome2/2C2 show consistent cluster-size d
pendency qualitatively and quantitatively. The capacita
between substrate and clusters determines the chemica
tential of clusterm(0), leading to the core-level binding
energy shift.

FIG. 4. ~a! Au 4f spectra from octanedithiol/Au~111! substrate
and Au ~1.9 ML! deposited one. The shaded area is the differe
between these spectra.~b! Cluster-size dependence of Au 4f core-
level shift. Open squares are charging energy derived from the
sults of tunneling spectroscopy (e2/2C2). ~c! Coverage dependenc
of the ratio between cluster and substrate components in the Af
spectra.
11541
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Full width at half maximum of the spectra from bulk A
is 1.1 eV, while one from clusters is;1.2 eV. This origin
can be ascribed to following aspects.~i! The deviation of the
cluster size and the barrier thickness, which directly lead
the deviation ofC2 (;15%), and hence, the charging ener
(;0.1 eV). ~ii ! The deviation ofQ0(60.2e) leads to the
deviation of charging energy, 0.1;0.2 eV. The lifetime of
the ionized states of clusters could affect the linewidth13

However, as estimated above, the lifetime of the st
(R2C2;100 psec) is too long to affect the linewidth.

Although the charging effects independently obtain
from both tunneling and photoelectron spectroscopies sh
consistent size dependency, the absolute value ofCtotal is not
explained enough by the simple model. One, which can
plain this discrepancy, is that the effective cluster size co
be larger than the calculated one. The Au~111! substrate and
clusters are covered with terminal sulfur atoms of o
tanedithiol molecules. The dithiol molecules have highest
cupied and lowest unoccupied molecular orbitals around
fur atoms that is chemically bound to Au atoms. The
molecular orbitals are hybridized with the conducting ele
trons in the clusters and the Au~111! surface, which could
make the effective tunneling distance between the cluster
the Au~111! substrate smaller and the effective-cluster-s
larger, and hence,C2 larger. Even if the increase of the den
sity of states due to the coupling is not existing at the Fe
level, SET effect occurs at higher bias voltages (.0.5 V) in
our system and therefore, coupling states cannot be ne
gible. Actually, the observation of the self-assembled mo
layers of thiol molecules by STM shows that sulfur atoms
the molecules contribute the topographic images as if t
were metallic adatoms (;1.8 Å in apparent height!,14 and
also the thickness of the dithiol layer contributes the hei
profile of the clusters in STM images.7 If this effect is taken
into account, the barrier width is reduced by;3.6 Å and the
effective cluster radius increases by;1 Å, enhancing the
total capacitance as shown in the figure~solid curve!. An-
other possible explanation for this discrepancy is the eff
of the nearest-neighbor clusters. The charging-up of the c
ter causes the charge polarization of the neighbor clust
leading to the increase ofC2. This effect becomes unnegli
gible above the Au coverage of 2.5 ML (R.10 Å).

It has been reported for free clusters theoretically and
perimentally that the electron spillout and other quantu
mechanical effects change classical 1/R dependence of the
ionization potential and the electron affinity shown in a E
~1!.1,15 In the case that the self-capacitance is dominant in
total capacitance of supported clusters, there is no reason
the capacitances are independent on the number of ex
electrons. These effects would cause strong asymmetric
tures inI 2V curves and the orthodox theory for SET wou
need modifications. However, in this study the simple mo
can be applied even to the smallest clusters (;100 atoms!
that have large periodic features onI 2V curves withQ0 of
;0, implying that the chemical potentials of the clust
m(N) are equally spaced and symmetrical against the Fe
energy of the substrate. Much smaller clusters might
needed for the considerations of these effects.

Although the above discussions in the core-level bindin
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energy shifts are based on the final-state effect, other in
ences originated from the initial-state effects might be imp
tant. The effect of the chemical potential difference betwe
clusters and substrate should be ruled out as discussed iQ0
distribution, but only affects the linewidth. It is well know
that the electronic states of atoms on the topmost surface
different from those of underlayer atoms, leading to t
surface-atom core-level binding-energy shifts.16 For a nano-
cluster with the diameter of;10 Å, more than 70% of tota
atoms appear on the cluster surface. It has reported that
gold has a significant negative surface core-level sh
(;0.4 eV),16 which would be large enough to cancel out t
positive shifts coming from the charging effects. Howev
our results have exhibited the close agreement between
core-level binding-energy shifts and the charging ene
e2/2C2 derived from the tunneling spectroscopy over a wi
range of cluster size, indicating that the core-level shift
dominated by the final-state effect. This result is consist
with the formerly reported ones that the apparent Fermi le
in clusters obtained from valence-band data exhibits
shifts close to the core-level binding-energy shift.2,3 There is
no reason that the atoms of cluster surface should have
same physical properties with those of bulk surface. Ho
ever, these results do not mean that the initial-state eff
are absent in this system since they might be canceled
with other effects. The initial-state effects should exist a
have to be taken into account for a more complete analy

IV. SUMMARY

We studied uniform Au-clusters supported o
octanedithiol/Au~111! substrate by tunneling spectroscop
e
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and x-ray photoelectron spectroscopy. The absolute valu
the chemical potentials of the clusters,m(0) andm(1), can
be described by thee2/2C, whereC is the capacitance of th
cluster against the environment. This capacitance inclu
the self-capacitance of the cluster, depending on the clu
size, and the capacitance between the cluster and the
strate covered by the octanedithiol layer. The latter one
creases the total capacitance and hence, lowers the cha
energy. Comparing with the free cluster system, the emi
electron feels the polarized charges appeared at the
tanedithiol layer and the image negative charge accumul
on the Au~111! surface in addition to the hole left in th
cluster. Although each cluster has the specific value
@m(0)1m(1)#/2, the mean value is nearly equal to th
Fermi energy of the grounded Au~111! substrate, indicating
that the ionization potential and the electron affinity are sy
metrical against the work function of the bulk Au substra
Although photoelectron spectroscopy only provides the
formation of the ionization potential, tunneling spectrosco
shows that of the electron affinity, and moreover that of
secondary and higher order ionization potentials and elec
affinities.
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