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Tunable single-electron tunneling behavior of ligand-stabilized gold particles
on self-assembled monolayers
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A series of heptanethiol-stabilized gold particles with narrowly distributed core sizes ranging-fitodnto
~15 nm were synthesized and deposited on self-assembled alkanethiol monolayers. The current-voltage char-
acteristics were studied systematically by scanning tunneling microscopy and scanning tunneling spectroscopy,
and the results correlate well with the gold core sizes. While equidistant staircases originating from the
Coulomb blockad€CB) effect are observed for large particles 4.6 nm, irregular staircases are observed for
small particles(nominal size of 1.8 nm The latter indicates that both the CB effect and discrete quantum
energy levels contribute to the current-voltage spectra. Furthermore, single-electron tunneling behavior are
shown to be tunable either by varying the gold particle size or by adjusting the tip-particle distance.
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[. INTRODUCTION with mono- or at least narrow-dispersion. The recent success
in the fabrication of noble metal particles and semiconductor
Single-electron tunnelingSET) has been proposed as the particles with narrow size distributions using chemical
basis of digital nano-electronics, including the key compo-method4®=3? provides us an opportunity. The ligand-
nents for logic and memory devicésMany efforts have stabilized conductive particles have obvious advantages not
been made both to reveal the physics of SEREfs. 2-18  only for the relative ease of preparation, but also for their
and to fabricate new types of SET devicds™* As with  |ong-term stability, systematic size control and narrow size
many other devices, it is useful to develop tunable SET degjstribution. These particles may become very good candi-
vices for practical use, for which it is essential to have ayates for SET devices, and have attracted wide interest in the
thorough understanding of the SET behavior in a double barpast years. For example, the SET behavior of'&g3:2225
rier tunnel junction(DBTJ) geometry with both the size of Pt1% semiconductor InASRef. 15 and CdSeRefs. 21,24

the central electrodéparticlg and the environmental param- garticles has been well examined. However, the particle size

etgrs connecting t'he partlclgs to .the external cwgwts bein sed in these studies only covers a very narrow range, and no
adjustable. Scanning tunneling microscopy/scanning tunneattention was paid to the size tuning behavior
ing spectroscopySTM/STS is a powerful tool for studying P 9 :

the SET behavior of particles with different sizes at nanom- Og ;he zt_her_ hanr(]j, smg_le-electrorl1 tunneling can also _be
eter scales in the DBTJ geometry. Moreover, the environtUn€d Dy adjusting the environmental parameters connecting
particles to the external circuits. In the previous STM

mental parameters such as tip-particle distance can be eas ! : ) .
adjusted. studies, conductive particles are deposited on the support

Of the many previous studies of the Coulomb blockadeParriers, e.g., oxidation films or organic f”nz‘_sm'lgflssome'
(CB) effect, only a few experimeritd®1518:22242350d par-  times, organic monolayer coated particles are directly depos-

ticles with well-characterized sizes. It is still a challenge toited on electrode substratés>The dielectric constant of the
correlate the SET behavior with the particle size experimenparticle-electrode junction is either much larger or compa-
tally, even though it is well-known that both the single- rable to that of the tip-particle junction. Hence, the capaci-
electron charging energy and the discrete quantum energnceC, of the particle-electrode junction is typically larger
levels are size dependent. For example, if a particle size vathan or nearly equal to the capacitar@g of the tip-particle

ies from 20 to 1 nm, the charging energy is estimated tgunction, since the tip-particle distance cannot be adjusted to
increase from several meV to several hundred meV. Meansompletely compensate for the contribution from the dielec-
while, the discreteness of the quantum energy levels is extric constant. According to the orthodox thedrthe voltage
pected to be more and more evidéht®and even atomiclike spacing of Coulomb staircases is inversely proportional to
electronic behavior becomes observaSI¥ For very small  the larger capacitance @f; andC,. In the case o£;>C,,
particles, a tunneling current-voltage-Y) curve of a DBTJ the Coulomb blockade effect is dominated By, and the
may mix the Coulomb blockade effect with the discretespacing of Coulomb staircases cannot be tuned by varying
quantum energy levels. While the Coulomb blockade effecC,. Schmenbergeet al.” and Andreset al? illustrated these
gives equidistant current steps in th&/ curves, the internal points. Though the tip-particle distance was varied through
discrete energy levels may give nonequidistant current stepgdjusting the set point current in their studies, their calcula-
To correlate these effects directly with the particle size, wetion and fitting result§® showed thaC, was larger tharC,.
need to use a series of well-fabricated conductive particlef we construct a DBTJ witlC;<C,, the SET effect may be
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tunable within a certain range by adjusting the tip-particlelamp while being lightly stirred. After reaction, the derived
distance. In order to achieve this, the dielectric constant o€lusters in the organic phase were isolated by precipitation
the support barrier must be low and its thickness must béollowing the addition of methanol. The pure products were
relatively large. The structure used by Céfall” with  redissolved in toluene. One droplet of diluted toluene solu-
ligand-coated Aty deposited on a self-assembled organiction of the nanoparticles was spread on a piece @fSAM
layer meets the above conditions, but they used a very shordr a carbon-coated copper mesh grid, allowing slow evapo-
chain thiol molecule and did not pay attention to the tuningration of the solvent. The former sample is used for measure-
behavior. ment with STM and the latter with HREM. Although the

In this paper, we present a systematic study of tunabl¢hiol ligands tilt away from the surface normal even more
single-electron tunneling using STM/STS. The ligand-coatedhan 30° because there is a larger free space for the mol-
gold particles were well characterized by high-resolutionecules on a curved gold core than on a planar substrate, it
electron microscopyHREM) with an average core size of may not deviate too much from 30°. Hence, the thickness of
1.8~15 nm, depending on the fabrication conditions. Theythe heptanethiol layer outside the gold core is estimated to be
were deposited on alkanethiol self-assembled monolayembout 1.0 nn?°
(SAM’s) on gold substrate$SAM/Au) for SET measure- The size and distribution of the ligand-coated gold par-
ment using STM/STS. For large gold particles, the SET beticles was characterized with a JOEL 2100 high-resolution
havior correlates well with their size, and can be fully ac-electron microscopdHREM) operated at an accelerating
counted for by the theoretically calculated capacitances. Foroltage of 200 kV. In the HREM images, only the Au cores
gold particles with a small core siz@ominal 1.8 nmy, a  give a contrast, which allows us to identify the size of the Au
series of irregularly spaced current steps are observed, whigarticles. The Au particles spread from the same solution on
is interpreted as originating from the discrete energy levela SAM/Au substrate are assumed to have the same size dis-
due to quantum size effect. By varying the distance betweetribution.
the STM tip and the particle through adjusting the set point The SET experiments were performed in an OMICRON
current, the voltage spacing of Coulomb staircases can aldow-temperature ultrahigh vacuum scanning tunneling mi-
be tuned within a certain range. As the tip-particle distanceroscope operating at 4.2 K. An asymmetric DBTJ structure
decreases, the fitting value @, increases and becomes is formed when an STM tip is positioned above a ligand-
larger thanC;. Our experiment clearly shows that the SET stabilized gold particle that was deposited oy SAM/Au.
behavior can be tuned through changing the particle size dn this geometry, the distance between the particle and the
adjusting the environmental parameters of the particles.  gold electrode is relatively large. Since the thickness gf C
SAM is ~ 1.4 nm, the thickness of the coated ligand is about
~1.0 nm3334and the distance between the Au particle and
the conductive gold electrode is abotuf2.4 nm. Thus, the

In the experiment, the SAM substrate was prepared bgapacitanceC; of the particle-electrode junction may be
first evaporating 160 nm thick gold on freshly cleaved micasmaller than the capacitan€®, of the tip-particle junction
sheets heated at 300 °C to form ALL1) substrates. Then, a when the distance between the STM tip and the particle be-
monolayer of decanethiol (@ was self-assembled on the comes small by adjusting the set point voltage or the set
fresh Au(111) by immersion inb a 2 mMethanol solution of ~ point current. To ensure that our STS data were associated
C,o for 48 h. The molecular confirmation in the monolayer with an individual particle, we only selected for measure-
was well studied. The molecules tilt away from the surfacement particles that were well separated from others.
normal by 30° and thus form a layer1.4 nm thick®® and
give an average area of 22.Z Aer moleculé* STM images
of SAM’s indicated that the monolayers are well ordered and
densely packed. Electric measureniénevealed that the When prepared with dilute solution, the ligand-stabilized
monolayer is a good insulator with a relatively small dielec-gold particles are observed well separated from one another
tric constant of~2.7 and a conductivity of (62)x10 *® in the HREM images. Figure 1 shows four different samples
Q=1 ecm™? for alkanethiol[ CHg(CH,),,_,SH] with a chain  of gold particles prepared under different conditiorta)
lengthn from 16 to 34. Such a molecular monolayer with an15.2+2.1 nm(6:1 Au:RS molar rati9, (b) 9.4+=1.5 nm(4:1
atomically flat surface provides both the supporting layer andAu:RS molar ratig, (c) 4.6+1.2 nm(1:1 Au:RS molar ra-
the tunneling barrier for the metal particles. tio), and(d) 1.8+=0.6 nm(1:2 Au:RS molar ratig in diam-

Ligand-stabilized gold particles from-1.8 to ~15 nm  eter as averaged over 200 particles. These gold particles have
were synthesized by the well-established two-phaseelatively narrow size distributions, and each particle has a
method?’?® Heptanethiol was used as the stabilizing ligand.compact, crystalline gold core. In the case of a core size of
The details of the method can be found in Refs. 27 and 28-15.2 nm, nearly all particles are multiple twinned gold
To achieve different particle sizes, the conditions of syntheerystallites as seen from the atomically resolved HREM im-
sis were adjusted by changing the Au@ieptanethio[ab- ages.
breviated as AWRS, hereR=CH;(CH,)¢] molar ratio from The particles on the SAM/Au/mica substrates were mea-
1:2 to 6:12"2° During the synthesis of large ligand- sured with STM/STS. In Fig. (), the DBTJ structure
stabilized gold particles, the two-phase ,(# tolureng  formed by the STM PUIr tip above a ligand-stabilized gold
mixture solution is irradiated by a low-pressure mercuryparticle is depicted. In Fig.(B), we show an image of three

Il. EXPERIMENT

Ill. RESULTS AND DISCUSSION
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FIG. 1. HREM images of ligand-stabilized gold particles with
core sizes ofa) 15+ 2.1 nm,(b) 9.4+ 1.5 nm,(c) 4.6+ 1.2 nm, and
(d) 1.8+0.6 nm in diameter.

ligand-stabilized Au particles that are10 nm away from
each other. To avoid any complication in data analysis, only
such “isolated” particles were selected for the STS. The
observed size of the gold particles in the STM images is
larger than the actual particle size due to the tip convolution FIG. 2. (a) A schematic of the double-barrier tunneling junc-
effect and the coated ligand. Thus, we use the HREM resulions (DBTJ) formed by an STM tip, a ligand-stabilized gold par-
for the average particle sizes. In general, the “isolated” par-icle, and a Au substratéb) An STM image of gold particles with
ticles observed near defected SAM areas would not move nominal core size of 1.8 nm in diameter. The set point voltage and
even at a high-imaging current. The Au particles in goodcurrent are 1.5 V and 2@A, respectively. The apparent particle
SAM areas can be moved by the scanningf’?ipossibly due size in the image is larger than the real value because of tip convo-
to the very large particle-electrode distance~e?.4 nm. In  lution and ligand coating.
such cases, we would directly zoom in on the particle and
take |-V curves within a very small scan range ofL nm.  3(a)-3(c). The fitting parameter€, (C,) are 4.08(3.95 aF
For a given Au particle, the capacitanCe is fixed, and only  for (a), 2.23 (1.94 aF for (b), and 0.89(1.16 aF for (c).
C, can be changed by the tip-particle distance through adHere, the fitting values df; are quite close to the calculated
justing the set-point current. The capacita@ecan be cal- C; values above. It should also be noted t6at>-C, for (a)
culated by the method of image charges if the particles arand(b) because of a relatively small set point curréhnA),
treated as spheres. For particle diameters of 15.2, 9.4, 4.6utC,<C, for (c) because of a large set point curr€nnA)
and 1.8 nm, respectively, the calculation gives the capaciwhich makes the tip closer to the Au particle, and thus, a
tanceC, as 3.78, 2.13, 0.91, and 0.31 aF correspondingly. IfargerC,. We shall discuss the effect of tip-particle distance
C, is the dominant capacitance in the DBTJ, the chargindater. The deviation between the fitting and calculated values
energy would range from- 20 to~260 meV. Thus, the SET of C; is mainly due to the size distribution of particles,
behavior can be tuned within a relatively wide range bywhich implies that the exact size for the Au particle are un-
varying the particle size. known under STS measurement.

Several typical -V curves(thick-solid lines taken from While the current steps in Figs(é3—3(c) can be attrib-
the particles with different average sizes are shown in Fig. 3uted to the Coulomb blockade and staircases, the situation is
together with their digital differential conductance spectraquite different for Fig. &) with a small particle. Thd-V
(dotted lines. It is obvious that the spacing between the ad-curve in Fig. 3d) has an uneven spacing between the adja-
jacent current steps increases with the decrease of partickent current steps, with a width of the zero conductance
size. Thel-V curves in Figs. 8&)—3(c) display nearly equi- ~1000 mV, and a spacing for other current steps of
distant current steps, an indication of Coulomb blockade and-210-330 mV. A plausible mechanism behind the occur-
staircases behavior. Thek&/ curves can be fitted very well rence of uneven spacing between the adjacent current steps is
using the orthodox theory/ The fitting results are displayed the internal energy levels originating from the quantum size
as the thin-solid linegshifted vertically for clarity in Figs.  effect. Similar to semiconductor quantum dots, which dis-
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digital differential conductancédotted line$ taken from different
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play the atomiclike electronic statethe energy levels of a
small metal particle are quantized from the bulk energy-band
structures. With comparable energy scales for the Coulomb
charging energy and the internal quantum energy level spac-
ing, thel-V curve can exhibit a complicated behavior, as
above? Although multiple junctions may also cause the ir-
regular staircase’$,the possibility is low here. In the experi-
ment, we only observed the staircases above the Au particles
but Ohmic characteristics on SAM with no particles, which
indicates that the tip did not pick up a Au particle to form a
multiple junction above another being measured Au particle
on SAM/Au.

In order to understand the quantum size effect qualita-
tively, we consider a simple model of a particle in a box for
independent electrons. The mean spacing of the energy lev-
els can be estimated from the voluneof the Au particles
by SE=2x?#2/(mkg\/), wherem, is the electron mass,
and kg is the Fermi wave vector (12108 cm ! for
Au).113738Eor 4 gold particle 1.5 nm in diameter, the mean
spacing of energy levels is expected to &#&~70 meV by
assuming the particle as a sphere. For a gold particle of 1
nm, SE~240 meV. Our measured voltage spaciegcept
for the zero conductance gefor the sample with a nominal
gold core size of 1.8 nm falls into this range, as shown in
Fig. 3(d). Thus, the very large zero conductance gap ob-
served for the small Au clusters seems to result mainly from
guantum size effect that opens up an energy gap near the
Fermi level for the particles. The coated ligand molecules,
especially the head group 8fatoms may further reduce the
volume in which the free electrons can travel and give a
larger energy gap for the gold particle than the above energy
spacing estimated for pure Au particles. Further theoretical
calculation is still undergoing.

From the above estimate, we see that the energy-level
spacing depends on the volumes of the particles. In Fig. 4, in
addition to the result from Fig.(d), we show another two
d1/dV curves with different widths of zero conductance and
different voltage spacings between adjacent current steps,
taken for particles on the sample with a nominal particle size
of 1.8 nm. The actual particle size for this sample ranges
from 1 to 3 nm. Thus, the observed different voltage spacing
reflects the different quantized energy levels due to different
particle sizes. Both on the positive-bias side and the
negative-bias side of Fig. 4, we observed nearly similar char-
acteristics as those for InAs quantum do&nd Aul® which
displays the quantized energy levels. To further identify the
quantized energy levels with the exact particle size, nanopar-
ticles with a much narrower size distribution are required.
We are currently making an effort to obtain these better con-
trolled particles by fractionatiotf-2°

By adjusting the tip-particle distance, the capacita@ge
can be tuned. In Fig.(8), a series of-V curves taken for a

4.6 nm, andd) 1.8 nm, respectively. The set point voltages are allparticle with a nominal diameter of 15.2 nm were shown.

1.5V, and the set point currents are 2 nA fay, (b), and(d), but 5
nA for (c). The parameters for fitteldVV curves(thin solid lineg are
C1 (Cy), Ry (Ry), andQq: (a) 4.08(3.95 aF, 69(1700 MQ, and
0.1%, (b) 2.23 (1.99 aF, 130(2960 MQ, and 0.06e,c) 0.89
(1.16 aF, 7@950 MQ, and—0.21e accordingly. The fitting curves

are displaced vertically for clarity.

The tip-particle distance was controlled by the set point cur-
rent from 2 to 25 nA with a constant set point voltage of
+1.5 V. The measured-V curves were reversible and
highly repeatable, which indicates no damage occurs to the
particle due to the relatively high tunneling current or the
short tip-particle distance. In Fig(&, instead of usind as
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dl/dV taken from gold particles on a sample with a nominal core
size of 1.8 nm in diameter. Curves are displaced vertically for 7
clarity. - (b)
the vertical axis, we use the product of the tunneling current 6
| and the asymptotic resistanBewhereR is estimated from i 25 nA
the slope of the-V curve. To see the change of step spacing
clearly, the digital differential conductances corresponding to 5|
the |-V curves in Fig. %a) are plotted in Fig. &). The 15nA

average spacing of the peaks in Figb)sare measured as
42.7, 37.4, 36.3, and 35.7 meV as the set point current in- 4t
creases from 2 to 25 nA. This clearly shows that adjusting
the tip-particle distance can tune the Coulomb charging en-
ergy. With the increase of set point current, the tip-particle
distance decreases. As a resdy, becomes larger, buR,
becomes smaller. In order to determine the junction param-
eters, we at first fitted the curve taken at a set point current of
2 nA by the orthodox theory* The fitting parameters are
C,=4.08 aF, C,=3.95 aF, Ri=69 MQ, and R,
=1700 M), with a fractional residual charge o€,
=0.1%. As mentioned above, the fitting result ©f is very
close to the calculated value of 3.78 aF. Assuming that the L ~ L
particle-electrode junction and hene®, andR; remain un- 100 50 0 50 100
changed, we can then ﬁtz_, R,, andQ, for the_ rest of the Bias Voltage (V)
[-V curves at other set point currents. The fitting parameters
are listed in Table I. At a set point current of 15 nA, the FIG. 5. -V curves(a) and their digital differential tunneling
fitting value of C, reaches 4.57 aF, which is larger than theconductanceb) taken for a gold particle with a nominal size of
calculated value by assuming a tip-particle distance of 1 nn#5.2 nm at different set point currents. Curves are displaced verti-
(correspond t&C,=4.3 aP, implying that the STM tip starts cally for clarity.
to compress the ligand film. The fitting curves are also plot-
ted in Fig. a) in solid lines. They agree well with the ex- chargeQq for the same particle changes from positive to
perimental data, indicating that the change of voltage spacingegative and then back to positive as the tip-particle distance
in the staircases is mainly from the variation of the tip- decreases. This is perhaps due to a fluctuation mecharism.
particle distance. For small particles, the capacitdbgean  As reported by Duboist al** even for the same particle at a
also be tuned. Generally, the tuning range for small particlegiven tip-particle separation there still existed a fluctuation
is relatively smaller than for large ones. of residual charge in a relatively wide range in consecutive
One may also notice from Table | that the fitted residualmeasurements. From the relationship given by Hanna and

di/dV (nS)
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TABLE |. Fitting parameterC,, R,, andQ, at different set gold particles, the STM/STS results correlated well with the
point current for a Au particle with nominal size of 15.2 nm by particle sizes, which were characterized by HREM. Only the
fixing C;=4.08 aF R, =69 MQ. CB effect, e.g., equidistant spaced staircases, was observed
in the -V curves for gold particles with sizes4.6 nm, for

Set point currerthA) 2 > 15 25 which the fitting capacitance values complied very well with
C, (aP 3.95 4.39 457 4.94  the calculated results. For gold particles-o1.8 nm, irregu-

R, (MQ) 1700 650 103 17.4 larly spaced current steps were observed inlthé curves,

Qo 0.1% —0.0% -0.2 02 which indicated that both the CB effect and the quantum size

effect made contributions. By adjusting the tip-particle junc-
tion, the capacitance df, of the tip-particle junction was
Tinkhant that the residual charge is proportional to the dif- tuned from smaller tha€, of the particle-electrode junction
ferences of the work functions between the electrodes, into larger thanC;, and consequently was the SET behavior

cluding the tip, the substrate, and the particle, it is not diffi-finely tuned. The tuning behavior can be useful for develop-
cult to understand that the change of surface state under thgq tunable SET devices.

external field may cause residual charge fluctuation. For ex-
ample, the diffusion of atoms at the apex of the tip, which
may not cause a large change in capacitance, may cause a

. : . ) ACKNOWLEDGMENTS
change in the work function, and thus, an obvious change in
the residual charge. We gratefully acknowledge the financial support from the
National Science Foundation of China and the “QiuShi”
IV. CONCLUSION Foundation of Hong Kong. X.X. also wishes to acknowledge

the financial support from the Hong Kong University of Sci-
We have investigated the tunable SET behavior by STMénce and Technology through the William Mong Solid State
STS at 4.2 K. By using narrowly dispersed ligand-stabilizedCluster Laboratory and the High Impact Area Fund.

*Corresponding author. Email address: jghou@ustc.edu.cn 12C -s. Jiang, T. Nakayama, and M. Aono, Appl. Phys. L&t
1For a review, seeSingle Charge Tunnelingdited by H. Grabert 1716(1999.

and M. H. DevoretNATO Advanced Study Institute, Series B: 13J. G. A. Dubois, J. W. Gerritsen, S. E. Shafranjuk, E. J. G. Boon,

Physics, Vol. 294Plenum, New York, 1991 G. Schmid, and H. van Kempen, Europhys. L88&,279(1996.
ZD. V. Averin, A. N. Korotkov, and K. K. Likharev, Phys. Rev. B 14, Bar-Sadeh, Y. Goldstein, C. Zhang, H. Deng, B. Abeles, and
44, 6199(1992. O. Millo, Phys. Rev. B50, 8961(1994).
3A. E. Hanna and M. Tinkham, Phys. Rev.4, 5919(1991). 15y, Banin, Y. W. Cao, D. Katz, and O. Millo, Natur¢.ondon
4M. Amman, R. Wilkins, E. Ben-Jacob, P. D. Maker, and R. C. (London 400, 542(1999.
Jaklevic, Phys. Rev. B3, 1146(1991). 165 -T. Yau, P. Mulvaney, W. Xu, and G. M. Spinks, Phys. Rev. B
SR. Wilkins, E. Ben-Jacob, and R. C. Jaklevic, Phys. Rev. I68t. 57, R15 124(1998.
801(1989. 7L, F. Chi, M. Hartig, T. Drechsler, Th. Schwaack, C. Seidel, H.
®p. J. M. van Bentum, R. T. M. Smokers, and H. van Kempen, Fuchs, and G. Schmid, Appl. Phys. A: Mater. Sci. Pro&g;s
Phys. Rev. Lett60, 2543(1988. S187(1998.

’C. Schimenberger, H. van Houten, and H. C. Donkersloot, Euro-185, w. Chen, R. S. Ingram, M. J. Hostetler, J. J. Pietron, R. W.

phys. Lett.20, 249(1992; C. Schmenberger, H. van Houten, H. Murray, T. G. Schaaff, J. T. Khoury, M. M. Alvarez, and R. L.
C. Donkersloot, A. M. T. van der Putten, and L. G. J. Fokkink,  Whetten, Scienc€80, 2098(1998.

Phys. Scr., ®5, 289(1992; C. Schmenberger, H. Van Houten, 19jun-ichi Shirakashi and Kazuhiko Matsumoto, Appl. Phys. Lett.

J. M. Kerkhof, and H. C. Donkersloot, Appl. Surf. S6éi7, 222 72, 1893(1998.
(1993. 20K, Matsumoto, Physica B27, 92 (1996.

8D. Anselmetti, T. Richmond, A. Baratoff, G. Borer, M. Dreier, 2'David L. Klein, Richard Roth, Andrew K. L. Lim, A. Paul Alivi-
M. Bernasconi, and H.-J. Githerodt, Europhys. Let25, 297 satos, and Paul L. McEuen, Natuteondon (London 389, 699
(1994. (1997.

9R. P. Andres, T. Bein, M. Dorogi, S. Feng, J. I. Henderson, C. P?2T. Sato and H. Ahmed, Appl. Phys. Le®0, 2759(1997.
Kubiak, W. Mahoney, R. G. Osifchin, and R. Reifenberger, Sci-23K. Matsumoto, M. Ishii, K. Segawa, Y. Oka, B. J. Vartanian, and
ence272 1323(1996; M. Dorogi, J. Gomez, R. Osifchin, R. P. J. S. Harris, Appl. Phys. Let68, 34 (1996.

Andres, and R. Reifenberger, Phys. RevoB 9071(1995. 24D, L. Klein, P. L. McEuen, J. E. B. Katari, R. Roth, and A. P.
0K, H. Park, J. S. Ha, W. S. Yun, M. Shin, K.-W. Park, and E.-H.  Alivisatos, Appl. Phys. Lett68, 2574(1996.

Lee, Appl. Phys. Lett71, 1469(1997. 25R. S. Ingram, M. J. Hostetler, R. W. Murray, T. G. Schaaff, J. T.
11C. T. Black, D. C. Ralph, and M. Tinkham, Phys. Rev. L&8, Khoury, R. L. Whetten, T. P. Bigioni, D. K. Guthrie, and P. N.

688(1996; D. C. Ralph, C. T. Black, and M. Tinkharibid. 78, First, J. Am. Chem. Socd19, 9279(1997.

4087 (1997); 74, 3241(1995; D. Davidovicand M. Tinkham, 2°R. L. Whetten, J. T. Khoury, M. M. Alvarez, S. Murthy, |. Vez-

ibid. 83, 1644(1999. mar, Z. L. Wang, P. W. Stephens, C. L. Cleveland, W. D.

035403-6



TUNABLE SINGLE-ELECTRON TUNNELING BEHAVIOR. .. PHYSICAL REVIEW B63 035403

Luedtke, and U. Landman, Adv. Mate3, 428 (1996. 33N. camillone 1II, T. Y. B. Leung, P. Schwartz, P. Eisenberger,
2M. Brust, D. Bethell, D. J. Schiffrin, and C. J. Kiely, Adv. Mater.  and G. Scoles, Langmuir2, 2737(1996.

7, 795(1995. 34Thin Films-Self-Assembled Monolayers of Thiaslited by A.
M. Brust, M. Walker, D. Bethell, D. J. Schiffrin, and R. Whyman,  Ulman (Academic, San Diego, 1998pp. 121—125.

J. Chem. Soc. Chem. Commun. 8(1B94. %M. A. Rampi, O. J. A. Schueller, and G. M. Whitesides, Appl.
29M. J. Hostetler, J. E. Wingate, C.-J. Zhong, J. E. Harris, R. W. Phys. Lett.72, 1781(1998.

Vachet, M. R. Clark, J. D. Londono, S. J. Green, J. J. Stokes, G¥¢_ sclimenberger, J. Jorritsma, J. A. M. Sondag-Huethorst, and
D. Wignall, G. L. Glish, M. D. Porter, N. D. Evans, and R. W. L. G. J. Fokkink, J. Phys. Cherd9, 3259(1995.

© Murray, Langmuirl4, 17_(1998. ) 87D, V. Averin and A. N. Korotkov, J. Low Temp. Phy80, 173
C. B. Murray, D. B. Norris, and M. G. Bawendi, J. Am. Chem. (1990

a1 Soc.115 8706(1993. %Charles Kittel, Introduction to Solid State Physic’th Ed.
A. P. Alivisatos, Scienc@71, 933(1996. (Wiley, New York, 1996, p. 150

32M. P. Pileni, Langmuirl3, 3266(1997).

035403-7



