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Consistent size dependency of core-level binding energy shifts and single-electron tunneling effects
in supported gold nanoclusters
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Uniform Au-clusters supported on well-defined substfatanedithiol/A§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 dependendycéie<evel shift of the
supported clusters can be well explained by the charging ers#/g¢, whereC is the capacitance between a
cluster and its surroundings. The main contributions to tiare the self-capacitance of the cluster, the
dielectric constant of the octanedithiol layer~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.
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. INTRODUCTION the charging energy of the syste®d/2C,y, can overcome
the electron thermal enerdysT. The lower limit of the total

The ionization potential and the electron affinityA of capacitance of a center island is its self-capacitagg;,
small metal clusters with a variety of diameters mediate beand hence, the upper limit of the charging energy is

tween those of an atom and the work functédhof a bulk  e?/2C,. In the case of a cluster with a diameter of 1 nm,
solid [Fig. 1(a)].* The main origin of the difference % and Ceeris ~ 101 F ande?/2kgCee~ 10° K, which allows the

| from Wis the classical electrostatic effect to inject an elec-device operation at room temperatdre.

tron or a hole in the limited space. When a cluster with a |n this paper, we report that the binding-energy shift of
radius ofR exists in a vacuum, the self-capacitaritfee ca-  the supported metal clusters has the origin in their chemical
pacitance toward grounded infinjtyis defined asCgr  potential x(0) determined by the capacitance between the
=4megR from the simple conducting-sphere model. Forcluster and the substratgFig. 1(c)]. Gold deposited
electron injection and extraction in a small cluster systemoctanedithiol/Ag111) samples provide uniformly sized Au
the charging energg?/2C of a cluster should be taken into nanoclustergFig. 1(d)], well-defined tunneling barriers and
account. In a classical modé, and| for the cluster can be atomically flat substratéwhich enables us to compare ex-

expressed by

A=W-e%2C=W- u(1), @ -

WF || B
| =W+ e?/2C=W-— u(0), (1) T P
— clusters —ATOM

wherew(N) is the chemical potential of the cluster when the
number of excess electrons changes fidm 1 to N. It is
obvious thatA andl depend on the cluster size and converge U =
on W in the infinite limit, which has been intensively studied R,EHC,
by photoionization and photoelectron spectroscopy with free R.E=cC
cluster beam'sor supported clusters® (b) i T

On the other hand, tunneling spectroscopy can also mea-
sure the chemical potential of a cluster through the single- f
e

electron tunneling SET) effect® When a cluster is placed e L€ {;
between two electrodes with the distance at which tunneling
(C)

of electrons is possible, the current can flow only when the
Fermi energy of the electrode exceeds the chemical potential
of the cluster(Coulomb blockadeas shown in Fig. (b).

When the number of excess electrons in the cluster changes FIG. 1. (a) Work function of a bulk metal, and ionization poten-

fromNtoN+1, the chemical potentigl(N+1) is given by 5| (1p) and electron affinitfEA) of an atom. IP and EA of clusters
(2N+1)e*/2Cyq, Where Chota Is the total capacitance of mediate between them. andu_ denote the chemical potentials
the cluster towards the environment including electrodes,, (1) and x(0), respectively;(b) Schematic diagram and equiva-
When the two tunnel junctions have appropriate structuregent circuit for tunneling spectroscopy on Au-cluster/octanedithiol/
the current changes stepwise as the excess electrons increasg111) sample;(c) Those for photoelectron spectroscopy; ddy
one by one(Coulomb staircage The main interest for SET STM image of Au-nanoclusters grown on octanedithiol/#ii)
devices is to fabricate a structure as small as possible, so thaibstrate at 1.9 monolayer coverage (10460 nm).
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perimental results with simple physical models and also 0:3

minimizes the fluctuation of macroscopic data obtained by A
photoelectron spectroscopy. Scanning tunneling microscopy ] G R
and tunneling spectroscopy can clarify the coupling ampli- & ¥ o] @il sl o
tude of a cluster with the substrate geometrically and electri- ~ § A -) ) e R
cally. Spectroscopy at low-temperature provides the coupling 3. L e/C, ] R.MO)| 150) s
parameters of each cluster, most of which were not able to be S| om| o
determined in the measurements at room temperature due to A =e/C, I (a)
the thermal fluctuatioh.We examined the prepared samples 3 T 2
by photoelectron and tunneling electron spectroscopies inde- Bias Voltage (V)
pendently and found that the results from both spec- Q ;o_; L INE SN P
troscopies show consistent cluster-size dependence in the ‘£
charging effect of supported metal clusters. 15 - /f’;_
4 £
; ! o
Il. EXPERIMENTAL § ; _-.-’/f:i.f %
The preparation method of the samples was reported % 10f -'/ P ]
elsewher€. The size of the clusters can be controlled by the & 7 A £}
amount of Au deposition on octanedithiol/&i11) substrate. I A N s
These nanoclusters, 10—-30 A in diameter with small standard " I 774 g
deviation (o, less than 15% of the diame}espread over the 4 Vi =
surface with a density of 1.2—0®&L0*¥/ cn? for Au-apparent 7 AT
coverage between 0.25-4 monolayévk. ) [Fig. 1(d)]. The 7
octanedithiol layer on A@l1l) is homogeneous and has 0 F AP B A
~10 A in thickness. 2 0 22 0 22 0 2
Tunneling spectroscopy was performed by using a ias voltage (V)
variable-temperature scanning tunneling microscowe- FIG. 2. Typicall —V curves obtained by single bias sweep at

STM, Omicron in UHV (~10"® Pa) at the temperature of ~30 K. Solid curves are results of curve fittings by the orthodox
~30 K. In order to minimize the effect of the work-function theory with barrier suppressidna Coulomb staircase from a clus-
difference, Au-coated tungsten tifB000 A in thickness de- ter formed after 2.5 ML Au coverage and obtained parametb)s.
posited by dc-Magnetron sputteringrere used. The spec- The curves witQ, of =0.2e and 0 are put together with the offsets
troscopy was performed under high set-impedance condiroportional to the Au coveraggight axis.
tions (R>10 G1). The radius of clusters was determined
from the density of clusters and the amount of Au-depositiorobserved since the double tunnel junctions in our system are
assuming the spherical shape of the clusters. The parametersder the conditionsC,/C,<1 and R;/R,>1, which
[the resistance and capacitance between a tip and a clust@akes the characteristics or-V curves smalléf and the
(R1,C4), ones between a cluster and a substr&g,C,) thermal energy smears these fine structures. Although the
and residual chargeQ,), see Fig. 1b)] were obtained by measurement at room-temperature provided the qualitative
least squares fittings ¢f-V curves(Coulomb staircageus-  analysis of the cluster-size dependency in the charging effect
ing the orthodox theofy with barrier suppression through the gaps ih—V curves’ the quantitative evaluation
modification® To determine these parameters for a clusterpf this system have been needed to compare the microscopic
the fittings were separately performed for more thanIten and macroscopic results from two spectroscopies in detail.
—V curves obtained by single bias swegp., not averaged The observation at low temperature can clarify the thermally
and the dispersions of each parameter were checked. smeared features in—V curves and hence, the physical pa-
X-ray photoelectron spectrosco}PS, PHI 5400 with rameters around each cluster. TypitalV curves are shown
Mg-Ka x-ray (1253.6 eV and 200 Wand a pass energy of in Fig. 2. The classification in Ref. 10 reveals that all curves
35.75 eV was used for the observation of Afi dore-level obtained in our experiments belong to either caseQ}, (
spectra. To enhance the cluster contribution to the spectra,za0), Il (Qo~0) or IV (Qy<0) and do not belong to case
shallow takeoff angle (15°) of photoelectrons was selectedll [C,/C,,R;/R,>1(<1)] without exception. As seen in
The cluster contribution to each Auf 4spectrum was ob- Fig. 2@ the center gaps around the origin dependigrand
tained by subtracting the spectrum obtained on octanedithiolq as Qq— e/2)/C,<V<(Qqy+€e/2)/C,, while the periodic
Au(111) substrate, with the amplitude determined by the at-structures in the curves depend Gr and Qq, as (he— Qg
tenuation of the C & spectrum from octanedithiol layer. —e/2)/C,, wheren=0,%1 ... * These large periodic struc-
tures minimize the fluctuation o€, and Q, during curve
fittings, resulting in smaller errordess than 10% It is ob-
vious that the capacitane®, andC, are strongly dependent
Due to the small self-capacitance of these clusters, it i®n the cluster size as seen in Figgb)2and 3a); with in-
possible to observe Coulomb blockade even at roontreasing cluster siz€,; andC, increase monotonically. The
temperaturé.” However, Coulomb staircase is infrequently capacitances of each sample were determined from more

IIl. RESULTS AND DISCUSSION
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° G theory. However, in the small structure that has a small cen-

! ter island with the same size of tunneling barriers, the main
contribution to the total capacitance of the cluster towards
® Coa=C *C, + + surroundings is the self-capacitance of the cluster, while the

1 ™G .

contribution from the electrodes is less tharB0% of the
total capacitanc& When the cluster is not chargéice., neu-
tral), the electric-field applied by electrodes polarizes the
cluster and accumulated charges@’) appear on both the
sides of the cluster surface. Although the capacitances deter-
mined byCi(2)=Q’/V1(2), whereVy,y is the voltage drop
at the gap (2), could be small enough when the gap has
longer distancesC;+C; can not give the total capacitance
and apparentlyci(z) is not equal taC, (,) obtained by above
4 6 8 10 12 14 16 curve fittings sinceC; , ignores the self-capacitance contri-
bution of the cluster. It is necessary, therefore, to check the
applicability of simple curve fittings of double tunneling
junctions to this system. In order to include the self-
capacitance contribution, we introduce the gate capacitance
(which is equal toCe) with the gate voltage that is auto-
matically set to the electric potential of the center island
without excess chardge/=C;V/(C;+ Cj) in the circuit of
‘ ‘ , Fig. 1(b)]. In this system the total capacitan€gy, is C;
04 08 o1 ;?1(GQ1§ 10 +Cy+Cger and this circuit acts like the double tunneling
junctions without gate whose capacitances are described by
FIG. 3. (a) Cluster-size dependence of the capacita@esC,,  Ci(2)= CiwalCi(2) (C1+C3). These capacitances satisly
andCy,y. Each point is obtained from more than ten clusters ran-+ C,= C,y, and C,/C,=C}/C}, which indicates that the
domly selected and the bars show the standard deviations. The dajrthodox theory for the double tunneling junctions can be
ted lines denote the self-capacitance of a free cludtever) and  gpplicable in this system without modification although the
one supported on the layee{3), respectively. The dashed curve sef.capacitance does not explicitly appear, and he@e,
denotes the capaclltance |nclud|r?g the contribution from the tip an%nd C}, are unknown from the curve fittings.
substrate. The solid curve also includes the effect of sulfur atoms . . : . .
causing the electron spillout from the cluster and substtsee In order to investigate the_ tunneling barr_ler 1 the relation
text). Arrows and an open circle indicate the variation&@f shown betweenR, andC, Was, studied as shown in Flg(d}. The
in (c). (b) Distribution of Q, obtained in this study. Solid curves pgrameters were obtained for one CIUSter_W'th the constant
denote Gaussian distributions assuming the periodic featugyof ~Pias voltage of 1 V and the set currents varied from 50 pA to
which haves of 0.17%, 0.2, 0.2%, 0.3, 0.4, and 0.8 fromthe ~ © NA. In a simple modelR, and C, can be roughly ex-
top atQ,=0, respectively(c) Relation betweeR, andC, taken  Pressed by,R;=Reexpd) and C;=A/d, where \ is
for one cluster grown after 3 ML depositioR¢12.5 A). 1.025\/5 (¢ is the work function in eYandd is the distance
between the tip and the cluster. By the curve fitting and tak-
than ten clusters randomly selected. The standard deviatiornsg the typical value foh (~2.2), it can be determined that
[bars in Fig. 8a)] are 10-20% of these values, in good Ry=2.6 KQ andA=1.8 aF A. WhenR;=10 GQ, the tip-
agreement with those of the cluster Sizince the self- cluster distance is estimated to be about 7 A. This indicates
capacitance, main contribution to the total capacitancethat the clusters exist nearly at the middle between the tip
should be proportional to the cluster size. and AU11)) surface. Since the curvature of the tip apex is
Coulomb staircase curves provide the information aboumuch larger than that of the clusters, the approximation of a
the chemical potential differences between electrodes and @duster existing inbetween two flat plates is valid and there-
cluster. It was found that each cluster has its specific valuéore, the ratio betwee@, andC, (C,/C;~3) as seen in the
for Qo and these values for the whole observed clusters disfigure can be attributed to the dielectric constant of oc-
tribute aroundQ,~0 as shown in Fig. ®) (Q,=0.0le and  tanedithiol layel? (e~2.7) which exists only between the
0=0.17). This clearly shows thgtu(1)+ x(0)]/2 of the  clusters and A(111) substrate. Although the above relation
clusters is nearly equal to the Fermi level of the tip andbetweenC, and C; indicates thatC, depends on the tip
substrate at zero bias. As shown in the figure, Gaussian diposition,C;<Cj5 due to highe minimizes this dependency.
tribution, in which the periodic feature @, is taken into The total capacitance of the cluster can be numerically
account, well-describes obtained results. More than 99% ofalculated as shown in Fig(8. Even after the consideration
clusters havéQg| of less than 0.5 wherr=0.17e and even  about the self-capacitance, the effect of the tip and substrate,
in a worse cased=0.3e), more than 90% of clusters are in and dielectric constant of the dithiol layer, the calculated one
this range, indicating that most of clusters on substrate ar&lashed curve in the figurés not enough to explain the
electrically neutral. obtainedC,y, (=C,+C,). The possible origin will be dis-
All the obtained —V curves can be fitted by the orthodox cussed later.
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— Au(1 9MLy/ODT/Au Full width at half maximum of the spectra from bulk Au
] orterence is 1.1 eV, while one from clusters is 1.2 eV. This origin
can be ascribed to following aspecf. The deviation of the
cluster size and the barrier thickness, which directly leads to
the deviation ofC, (~15%), and hence, the charging energy
(~0.1 eV). (ii) The deviation ofQqy(*=0.2e) leads to the
deviation of charging energy, 0:10.2 eV. The lifetime of
I L 1 [ e —— the ionized states of clusters could affect the linewidth.
90 88 86 84 82 However, as estimated above, the lifetime of the state
binding energy (V) (R,C,~ 100 psec) is too long to affect the linewidth.

0.8 " ' " Although the charging effects independently obtained
(c) from both tunneling and photoelectron spectroscopies show
o consistent size dependency, the absolute valu@,gf is not

o explained enough by the simple model. One, which can ex-
o plain this discrepancy, is that the effective cluster size could
04l ' Caverage (ML) be larger than the calcula_lted one. The(Bil) substrate and

clusters are covered with terminal sulfur atoms of oc-

+ i tanedithiol molecules. The dithiol molecules have highest oc-

o } cupied and lowest unoccupied molecular orbitals around sul-

02 ? [@ fur atoms that is chemically bound to Au atoms. These
- b EP ® A molecular orbitals are hybridized with the conducting elec-

(b) EI trons in the clusters and the Aiil) surface, which could

o 4 6 8 10 12 14 16 make the effective tunneling distance between the cluster and
the Au11l) substrate smaller and the effective-cluster-size
larger, and hence;, larger. Even if the increase of the den-

FIG. 4. (8) Au 4f spectra from octanedithiol/Ati1l) substrate Sty Of states due to the coupling is not existing at the Fermi
and Au(1.9 ML) deposited one. The shaded area is the differencéeVel, SET effect occurs at higher bias voltages)(5 V) in
between these spectré) Cluster-size dependence of Ad ¢ore-  OUr system and therefore, coupling states cannot be negli-
level shift. Open squares are charging energy derived from the regible. Actually, the observation of the self-assembled mono-
sults of tunneling spectroscopg¥2C,). (c) Coverage dependence layers of thiol molecules by STM shows that sulfur atoms in
of the ratio between cluster and substrate components in thef Au 4the molecules contribute the topographic images as if they
spectra. were metallic adatoms~1.8 A in apparent height* and

also the thickness of the dithiol layer contributes the height

The binding energy of Au # core-level from the clusters profile of the clusters in STM imagédf this effect is taken
also exhibits the cluster-size dependence as shown in Fig. #to account, the barrier width is reduced 8.6 A and the
The shallow takeoff angle (15°) of the photoelectrons en<ffective cluster radius increases byl A, enhancing the
hances the contribution of the clusters whose growth is prototal capacitance as shown in the figuselid curve. An-
portional to the coveragfFig. 4(c)]. Comparing with the other possible explanation for this discrepancy is the effect
photoelectron from bulk metal, the emitted photoelectronof the nearest-neighbor clusters. The charging-up of the clus-
from a cluster feels positive charge left in the cluster. Thister causes the charge polarization of the neighbor clusters,
hole will be filled by the electron supplied from the substrate leading to the increase &,. This effect becomes unnegli-
but it takes about=R,C,~ 100 psec typically, long enough gible above the Au coverage of 2.5 MR{ 10 A).
to lower the kinetic energy of the emitted electron but short It has been reported for free clusters theoretically and ex-
enough to keep most of the clusters electrically neutral. Thuperimentally that the electron spillout and other quantum-
as shown in Fig. (), the difference of the kinetic enerdgy mechanical effects change classicaR dependence of the
can be expressed by ionization potential and the electron affinity shown in a Eq.

(1).1%In the case that the self-capacitance is dominant in the
Ex.cluste= NV — En— @+ 1(0) =Eg purt #(0), (2 total capacitance of supported clusters, there is no reason that
the capacitances are independent on the number of excess
wherehv is the energy of photork,, is the binding energy electrons. These effects would cause strong asymmetric fea-
of atomic core level an@ is the work function of the spec- tures inl —V curves and the orthodox theory for SET would
trometer. With respect to the bulk binding energy, the specheed modifications. However, in this study the simple model
tral peaks move higher with decreasing cluster size. It ian be applied even to the smallest clusterslQ0 atoms
obvious that the binding-energy shift and the charging enthat have large periodic features brV curves withQ, of
ergy derived frome?/2C, show consistent cluster-size de- ~0, implying that the chemical potentials of the cluster
pendency qualitatively and quantitatively. The capacitancg.(N) are equally spaced and symmetrical against the Fermi
between substrate and clusters determines the chemical penergy of the substrate. Much smaller clusters might be
tential of clusteru(0), leading to the core-level binding- needed for the considerations of these effects.
energy shift. Although the above discussions in the core-level binding-

intensity (a.u.)

o

06

°
o

lavewstenf laugsubstrate)
é.

o

Binding energy shift (eV)

o

Radius of cluster (;A)
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energy shifts are based on the final-state effect, other influand x-ray photoelectron spectroscopy. The absolute value of
ences originated from the initial-state effects might be importhe chemical potentials of the clustegs(0) andu(1), can
tant. The effect of the chemical potential difference betweerbe described by the?/2C, whereC is the capacitance of the
clusters and substrate should be ruled out as discusg@gl in cluster against the environment. This capacitance includes
distribution, but only affects the linewidth. It is well known the self-capacitance of the cluster, depending on the cluster
that the electronic states of atoms on the topmost surface asize, and the capacitance between the cluster and the sub-
different from those of underlayer atoms, leading to thestrate covered by the octanedithiol layer. The latter one in-
surface-atom core-level binding-energy shiftor a nano-  creases the total capacitance and hence, lowers the charging
cluster with the diameter of 10 A, more than 70% of total energy. Comparing with the free cluster system, the emitted
atoms appear on the cluster surface. It has reported that butkectron feels the polarized charges appeared at the oc-
gold has a significant negative surface core-level shift tanedithiol layer and the image negative charge accumulated
(~0.4 eV) ¥ which would be large enough to cancel out theon the Ay111) surface in addition to the hole left in the
positive shifts coming from the charging effects. However,cluster. Although each cluster has the specific value of
our results have exhibited the close agreement between thie(0)+ «(1)]/2, the mean value is nearly equal to the
core-level binding-energy shifts and the charging energyFermi energy of the grounded AlLll) substrate, indicating
e?/2C, derived from the tunneling spectroscopy over a widethat the ionization potential and the electron affinity are sym-
range of cluster size, indicating that the core-level shift ismetrical against the work function of the bulk Au substrate.
dominated by the final-state effect. This result is consistenAlthough photoelectron spectroscopy only provides the in-
with the formerly reported ones that the apparent Fermi leveformation of the ionization potential, tunneling spectroscopy
in clusters obtained from valence-band data exhibits thehows that of the electron affinity, and moreover that of the
shifts close to the core-level binding-energy shittThere is  secondary and higher order ionization potentials and electron
no reason that the atoms of cluster surface should have thadfinities.

same physical properties with those of bulk surface. How-
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