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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 from;1.8 to
;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 blockade~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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I. INTRODUCTION

Single-electron tunneling~SET! has been proposed as th
basis of digital nano-electronics, including the key comp
nents for logic and memory devices.1 Many efforts have
been made both to reveal the physics of SET~Refs. 2–18!
and to fabricate new types of SET devices.19–24 As with
many other devices, it is useful to develop tunable SET
vices for practical use, for which it is essential to have
thorough understanding of the SET behavior in a double b
rier tunnel junction~DBTJ! geometry with both the size o
the central electrode~particle! and the environmental param
eters connecting the particles to the external circuits be
adjustable. Scanning tunneling microscopy/scanning tun
ing spectroscopy~STM/STS! is a powerful tool for studying
the SET behavior of particles with different sizes at nano
eter scales in the DBTJ geometry. Moreover, the envir
mental parameters such as tip-particle distance can be e
adjusted.

Of the many previous studies of the Coulomb blocka
~CB! effect, only a few experiments9,13,15,18,22,24,25used par-
ticles with well-characterized sizes. It is still a challenge
correlate the SET behavior with the particle size experim
tally, even though it is well-known that both the singl
electron charging energy and the discrete quantum en
levels are size dependent. For example, if a particle size
ies from 20 to 1 nm, the charging energy is estimated
increase from several meV to several hundred meV. Me
while, the discreteness of the quantum energy levels is
pected to be more and more evident,11,13and even atomiclike
electronic behavior becomes observable.15,18 For very small
particles, a tunneling current-voltage (I -V) curve of a DBTJ
may mix the Coulomb blockade effect with the discre
quantum energy levels. While the Coulomb blockade eff
gives equidistant current steps in theI -V curves, the interna
discrete energy levels may give nonequidistant current st
To correlate these effects directly with the particle size,
need to use a series of well-fabricated conductive parti
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with mono- or at least narrow-dispersion. The recent succ
in the fabrication of noble metal particles and semiconduc
particles with narrow size distributions using chemic
methods26–32 provides us an opportunity. The ligand
stabilized conductive particles have obvious advantages
only for the relative ease of preparation, but also for th
long-term stability, systematic size control and narrow s
distribution. These particles may become very good can
dates for SET devices, and have attracted wide interest in
past years. For example, the SET behavior of Au,16–18,22,25

Pt,13 semiconductor InAs~Ref. 15! and CdSe~Refs. 21,24!
particles has been well examined. However, the particle
used in these studies only covers a very narrow range, an
attention was paid to the size tuning behavior.

On the other hand, single-electron tunneling can also
tuned by adjusting the environmental parameters connec
the particles to the external circuits. In the previous ST
studies, conductive particles are deposited on the sup
barriers, e.g., oxidation films or organic films.7–10,13,15Some-
times, organic monolayer coated particles are directly dep
ited on electrode substrates.16,25The dielectric constant of the
particle-electrode junction is either much larger or comp
rable to that of the tip-particle junction. Hence, the capa
tanceC1 of the particle-electrode junction is typically large
than or nearly equal to the capacitanceC2 of the tip-particle
junction, since the tip-particle distance cannot be adjuste
completely compensate for the contribution from the diel
tric constant. According to the orthodox theory,3,4 the voltage
spacing of Coulomb staircases is inversely proportiona
the larger capacitance ofC1 andC2. In the case ofC1.C2,
the Coulomb blockade effect is dominated byC1, and the
spacing of Coulomb staircases cannot be tuned by vary
C2. Schönenbergeret al.7 and Andreset al.9 illustrated these
points. Though the tip-particle distance was varied throu
adjusting the set point current in their studies, their calcu
tion and fitting results7,9 showed thatC1 was larger thanC2.
If we construct a DBTJ withC1,C2, the SET effect may be
©2000 The American Physical Society03-1
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tunable within a certain range by adjusting the tip-parti
distance. In order to achieve this, the dielectric constan
the support barrier must be low and its thickness must
relatively large. The structure used by Chiet al.17 with
ligand-coated Au55 deposited on a self-assembled orga
layer meets the above conditions, but they used a very sh
chain thiol molecule and did not pay attention to the tun
behavior.

In this paper, we present a systematic study of tuna
single-electron tunneling using STM/STS. The ligand-coa
gold particles were well characterized by high-resolut
electron microscopy~HREM! with an average core size o
1.8;15 nm, depending on the fabrication conditions. Th
were deposited on alkanethiol self-assembled monola
~SAM’s! on gold substrates~SAM/Au! for SET measure-
ment using STM/STS. For large gold particles, the SET
havior correlates well with their size, and can be fully a
counted for by the theoretically calculated capacitances.
gold particles with a small core size~nominal 1.8 nm!, a
series of irregularly spaced current steps are observed, w
is interpreted as originating from the discrete energy lev
due to quantum size effect. By varying the distance betw
the STM tip and the particle through adjusting the set po
current, the voltage spacing of Coulomb staircases can
be tuned within a certain range. As the tip-particle distan
decreases, the fitting value ofC2 increases and become
larger thanC1. Our experiment clearly shows that the SE
behavior can be tuned through changing the particle siz
adjusting the environmental parameters of the particles.

II. EXPERIMENT

In the experiment, the SAM substrate was prepared
first evaporating 160 nm thick gold on freshly cleaved m
sheets heated at 300 °C to form Au~111! substrates. Then,
monolayer of decanethiol (C10) was self-assembled on th
fresh Au~111! by immersion into a 2 mMethanol solution of
C10 for 48 h. The molecular confirmation in the monolay
was well studied. The molecules tilt away from the surfa
normal by 30° and thus form a layer;1.4 nm thick,33 and
give an average area of 22.2 Å2 per molecule.34 STM images
of SAM’s indicated that the monolayers are well ordered a
densely packed. Electric measurement35 revealed that the
monolayer is a good insulator with a relatively small diele
tric constant of;2.7 and a conductivity of (662)310215

V21 cm21 for alkanethiol@CH3(CH2)n21SH# with a chain
lengthn from 16 to 34. Such a molecular monolayer with
atomically flat surface provides both the supporting layer a
the tunneling barrier for the metal particles.

Ligand-stabilized gold particles from;1.8 to ;15 nm
were synthesized by the well-established two-ph
method.27,28 Heptanethiol was used as the stabilizing ligan
The details of the method can be found in Refs. 27 and
To achieve different particle sizes, the conditions of synt
sis were adjusted by changing the AuCl2:heptanethiol@ab-
breviated as Au:RS, hereR5CH3(CH2)6] molar ratio from
1:2 to 6:1.27–29 During the synthesis of large ligand
stabilized gold particles, the two-phase (H2O1 tolurene!
mixture solution is irradiated by a low-pressure mercu
03540
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lamp while being lightly stirred. After reaction, the derive
clusters in the organic phase were isolated by precipita
following the addition of methanol. The pure products we
redissolved in toluene. One droplet of diluted toluene so
tion of the nanoparticles was spread on a piece of C10 SAM
or a carbon-coated copper mesh grid, allowing slow eva
ration of the solvent. The former sample is used for measu
ment with STM and the latter with HREM. Although th
thiol ligands tilt away from the surface normal even mo
than 30° because there is a larger free space for the m
ecules on a curved gold core than on a planar substrat
may not deviate too much from 30°. Hence, the thickness
the heptanethiol layer outside the gold core is estimated to
about 1.0 nm.33

The size and distribution of the ligand-coated gold p
ticles was characterized with a JOEL 2100 high-resolut
electron microscope~HREM! operated at an acceleratin
voltage of 200 kV. In the HREM images, only the Au cor
give a contrast, which allows us to identify the size of the A
particles. The Au particles spread from the same solution
a SAM/Au substrate are assumed to have the same size
tribution.

The SET experiments were performed in an OMICRO
low-temperature ultrahigh vacuum scanning tunneling m
croscope operating at 4.2 K. An asymmetric DBTJ struct
is formed when an STM tip is positioned above a ligan
stabilized gold particle that was deposited on C10 SAM/Au.
In this geometry, the distance between the particle and
gold electrode is relatively large. Since the thickness of10
SAM is ;1.4 nm, the thickness of the coated ligand is ab
;1.0 nm,33,34 and the distance between the Au particle a
the conductive gold electrode is about;2.4 nm. Thus, the
capacitanceC1 of the particle-electrode junction may b
smaller than the capacitanceC2 of the tip-particle junction
when the distance between the STM tip and the particle
comes small by adjusting the set point voltage or the
point current. To ensure that our STS data were associ
with an individual particle, we only selected for measur
ment particles that were well separated from others.

III. RESULTS AND DISCUSSION

When prepared with dilute solution, the ligand-stabiliz
gold particles are observed well separated from one ano
in the HREM images. Figure 1 shows four different samp
of gold particles prepared under different conditions:~a!
15.262.1 nm~6:1 Au:RS molar ratio!, ~b! 9.461.5 nm~4:1
Au:RS molar ratio!, ~c! 4.661.2 nm ~1:1 Au:RS molar ra-
tio!, and ~d! 1.860.6 nm ~1:2 Au:RS molar ratio! in diam-
eter as averaged over 200 particles. These gold particles
relatively narrow size distributions, and each particle ha
compact, crystalline gold core. In the case of a core size
;15.2 nm, nearly all particles are multiple twinned go
crystallites as seen from the atomically resolved HREM i
ages.

The particles on the SAM/Au/mica substrates were m
sured with STM/STS. In Fig. 2~a!, the DBTJ structure
formed by the STM Pt/Ir tip above a ligand-stabilized go
particle is depicted. In Fig. 2~b!, we show an image of three
3-2
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TUNABLE SINGLE-ELECTRON TUNNELING BEHAVIOR . . . PHYSICAL REVIEW B63 035403
ligand-stabilized Au particles that are;10 nm away from
each other. To avoid any complication in data analysis, o
such ‘‘isolated’’ particles were selected for the STS. T
observed size of the gold particles in the STM images
larger than the actual particle size due to the tip convolut
effect and the coated ligand. Thus, we use the HREM re
for the average particle sizes. In general, the ‘‘isolated’’ p
ticles observed near defected SAM areas would not m
even at a high-imaging current. The Au particles in go
SAM areas can be moved by the scanning tip,36 possibly due
to the very large particle-electrode distance of;2.4 nm. In
such cases, we would directly zoom in on the particle a
take I -V curves within a very small scan range of;1 nm.
For a given Au particle, the capacitanceC1 is fixed, and only
C2 can be changed by the tip-particle distance through
justing the set-point current. The capacitanceC1 can be cal-
culated by the method of image charges if the particles
treated as spheres. For particle diameters of 15.2, 9.4,
and 1.8 nm, respectively, the calculation gives the cap
tanceC1 as 3.78, 2.13, 0.91, and 0.31 aF correspondingly
C1 is the dominant capacitance in the DBTJ, the charg
energy would range from;20 to;260 meV. Thus, the SET
behavior can be tuned within a relatively wide range
varying the particle size.

Several typicalI -V curves~thick-solid lines! taken from
the particles with different average sizes are shown in Fig
together with their digital differential conductance spec
~dotted lines!. It is obvious that the spacing between the a
jacent current steps increases with the decrease of pa
size. TheI -V curves in Figs. 3~a!–3~c! display nearly equi-
distant current steps, an indication of Coulomb blockade
staircases behavior. TheseI -V curves can be fitted very we
using the orthodox theory.3,4 The fitting results are displaye
as the thin-solid lines~shifted vertically for clarity! in Figs.

FIG. 1. HREM images of ligand-stabilized gold particles wi
core sizes of~a! 1562.1 nm,~b! 9.461.5 nm,~c! 4.661.2 nm, and
~d! 1.860.6 nm in diameter.
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3~a!–3~c!. The fitting parametersC1 (C2) are 4.08~3.95! aF
for ~a!, 2.23 ~1.94! aF for ~b!, and 0.89~1.16! aF for ~c!.
Here, the fitting values ofC1 are quite close to the calculate
C1 values above. It should also be noted thatC1.C2 for ~a!
and~b! because of a relatively small set point current~2 nA!,
butC1,C2 for ~c! because of a large set point current~5 nA!
which makes the tip closer to the Au particle, and thus
largerC2. We shall discuss the effect of tip-particle distan
later. The deviation between the fitting and calculated val
of C1 is mainly due to the size distribution of particle
which implies that the exact size for the Au particle are u
known under STS measurement.

While the current steps in Figs. 3~a!–3~c! can be attrib-
uted to the Coulomb blockade and staircases, the situatio
quite different for Fig. 3~d! with a small particle. TheI -V
curve in Fig. 3~d! has an uneven spacing between the ad
cent current steps, with a width of the zero conductan
;1000 mV, and a spacing for other current steps
;210–330 mV. A plausible mechanism behind the occ
rence of uneven spacing between the adjacent current ste
the internal energy levels originating from the quantum s
effect. Similar to semiconductor quantum dots, which d

FIG. 2. ~a! A schematic of the double-barrier tunneling jun
tions ~DBTJ! formed by an STM tip, a ligand-stabilized gold pa
ticle, and a Au substrate.~b! An STM image of gold particles with
a nominal core size of 1.8 nm in diameter. The set point voltage
current are 1.5 V and 20pA, respectively. The apparent partic
size in the image is larger than the real value because of tip co
lution and ligand coating.
3-3
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WANG, WANG, LI, ZENG, HOU, AND XIAO PHYSICAL REVIEW B 63 035403
FIG. 3. Four typicalI -V curves ~thick solid lines! and their
digital differential conductance~dotted lines! taken from different
samples with nominal particle sizes of~a! 15.2 nm,~b! 9.4 nm,~c!
4.6 nm, and~d! 1.8 nm, respectively. The set point voltages are
1.5 V, and the set point currents are 2 nA for~a!, ~b!, and~d!, but 5
nA for ~c!. The parameters for fittedI -V curves~thin solid lines! are
C1 (C2), R1 (R2), andQ0: ~a! 4.08 ~3.95! aF, 69~1700! MV, and
0.15e, ~b! 2.23 ~1.94! aF, 130 ~2960! MV, and 0.06e,~c! 0.89
~1.16! aF, 70~950! MV, and20.21e accordingly. The fitting curves
are displaced vertically for clarity.
03540
play the atomiclike electronic state,15 the energy levels of a
small metal particle are quantized from the bulk energy-ba
structures. With comparable energy scales for the Coulo
charging energy and the internal quantum energy level sp
ing, the I -V curve can exhibit a complicated behavior,
above.2 Although multiple junctions may also cause the
regular staircases,14 the possibility is low here. In the experi
ment, we only observed the staircases above the Au part
but Ohmic characteristics on SAM with no particles, whi
indicates that the tip did not pick up a Au particle to form
multiple junction above another being measured Au part
on SAM/Au.

In order to understand the quantum size effect qual
tively, we consider a simple model of a particle in a box f
independent electrons. The mean spacing of the energy
els can be estimated from the volume~ of the Au particles
by dE52p2\2/(mekF~), where me is the electron mass
and kF is the Fermi wave vector (1.23108 cm21 for
Au!.11,37,38For a gold particle 1.5 nm in diameter, the me
spacing of energy levels is expected to bedE;70 meV by
assuming the particle as a sphere. For a gold particle o
nm, dE;240 meV. Our measured voltage spacing~except
for the zero conductance gap! for the sample with a nomina
gold core size of 1.8 nm falls into this range, as shown
Fig. 3~d!. Thus, the very large zero conductance gap
served for the small Au clusters seems to result mainly fr
quantum size effect that opens up an energy gap near
Fermi level for the particles. The coated ligand molecul
especially the head group ofS atoms may further reduce th
volume in which the free electrons can travel and give
larger energy gap for the gold particle than the above ene
spacing estimated for pure Au particles. Further theoret
calculation is still undergoing.

From the above estimate, we see that the energy-le
spacing depends on the volumes of the particles. In Fig. 4
addition to the result from Fig. 3~d!, we show another two
dI/dV curves with different widths of zero conductance a
different voltage spacings between adjacent current st
taken for particles on the sample with a nominal particle s
of 1.8 nm. The actual particle size for this sample rang
from 1 to 3 nm. Thus, the observed different voltage spac
reflects the different quantized energy levels due to differ
particle sizes. Both on the positive-bias side and
negative-bias side of Fig. 4, we observed nearly similar ch
acteristics as those for InAs quantum dots15 and Au,18 which
displays the quantized energy levels. To further identify
quantized energy levels with the exact particle size, nano
ticles with a much narrower size distribution are require
We are currently making an effort to obtain these better c
trolled particles by fractionation.18,26

By adjusting the tip-particle distance, the capacitanceC2
can be tuned. In Fig. 5~a!, a series ofI -V curves taken for a
particle with a nominal diameter of;15.2 nm were shown
The tip-particle distance was controlled by the set point c
rent from 2 to 25 nA with a constant set point voltage
11.5 V. The measuredI -V curves were reversible an
highly repeatable, which indicates no damage occurs to
particle due to the relatively high tunneling current or t
short tip-particle distance. In Fig. 5~a!, instead of usingI as

l
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TUNABLE SINGLE-ELECTRON TUNNELING BEHAVIOR . . . PHYSICAL REVIEW B63 035403
the vertical axis, we use the product of the tunneling curr
I and the asymptotic resistanceR, whereR is estimated from
the slope of theI -V curve. To see the change of step spac
clearly, the digital differential conductances corresponding
the I -V curves in Fig. 5~a! are plotted in Fig. 5~b!. The
average spacing of the peaks in Fig. 5~b! are measured a
42.7, 37.4, 36.3, and 35.7 meV as the set point current
creases from 2 to 25 nA. This clearly shows that adjust
the tip-particle distance can tune the Coulomb charging
ergy. With the increase of set point current, the tip-parti
distance decreases. As a result,C2 becomes larger, butR2
becomes smaller. In order to determine the junction par
eters, we at first fitted the curve taken at a set point curren
2 nA by the orthodox theory.3,4 The fitting parameters ar
C154.08 aF, C253.95 aF, R1569 MV, and R2
51700 MV, with a fractional residual charge ofQ0
50.15e. As mentioned above, the fitting result ofC1 is very
close to the calculated value of 3.78 aF. Assuming that
particle-electrode junction and hence,C1 andR1 remain un-
changed, we can then fitC2 , R2, andQ0 for the rest of the
I -V curves at other set point currents. The fitting parame
are listed in Table I. At a set point current of 15 nA, th
fitting value ofC2 reaches 4.57 aF, which is larger than t
calculated value by assuming a tip-particle distance of 1
~correspond toC254.3 aF!, implying that the STM tip starts
to compress the ligand film. The fitting curves are also p
ted in Fig. 5~a! in solid lines. They agree well with the ex
perimental data, indicating that the change of voltage spa
in the staircases is mainly from the variation of the t
particle distance. For small particles, the capacitanceC2 can
also be tuned. Generally, the tuning range for small partic
is relatively smaller than for large ones.

One may also notice from Table I that the fitted resid

FIG. 4. Several digital differential tunneling conductanc
dI/dV taken from gold particles on a sample with a nominal co
size of 1.8 nm in diameter. Curves are displaced vertically
clarity.
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chargeQ0 for the same particle changes from positive
negative and then back to positive as the tip-particle dista
decreases. This is perhaps due to a fluctuation mechanis13

As reported by Duboiset al.13 even for the same particle at
given tip-particle separation there still existed a fluctuat
of residual charge in a relatively wide range in consecut
measurements. From the relationship given by Hanna

r

FIG. 5. I -V curves ~a! and their digital differential tunneling
conductance~b! taken for a gold particle with a nominal size o
15.2 nm at different set point currents. Curves are displaced v
cally for clarity.
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Tinkham3 that the residual charge is proportional to the d
ferences of the work functions between the electrodes,
cluding the tip, the substrate, and the particle, it is not di
cult to understand that the change of surface state unde
external field may cause residual charge fluctuation. For
ample, the diffusion of atoms at the apex of the tip, wh
may not cause a large change in capacitance, may cau
change in the work function, and thus, an obvious chang
the residual charge.

IV. CONCLUSION

We have investigated the tunable SET behavior by ST
STS at 4.2 K. By using narrowly dispersed ligand-stabiliz

TABLE I. Fitting parametersC2 , R2, and Q0 at different set
point current for a Au particle with nominal size of 15.2 nm b
fixing C154.08 aF,R1569 MV.

Set point current~nA! 2 5 15 25

C2 ~aF! 3.95 4.39 4.57 4.94
R2 (MV) 1700 650 103 17.4
Q0 0.15e 20.05e 20.2e 0.2e
r
.
k

,

c
.

0354
f-
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-
the
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gold particles, the STM/STS results correlated well with t
particle sizes, which were characterized by HREM. Only
CB effect, e.g., equidistant spaced staircases, was obse
in the I -V curves for gold particles with sizes.4.6 nm, for
which the fitting capacitance values complied very well w
the calculated results. For gold particles of;1.8 nm, irregu-
larly spaced current steps were observed in theI -V curves,
which indicated that both the CB effect and the quantum s
effect made contributions. By adjusting the tip-particle jun
tion, the capacitance ofC2 of the tip-particle junction was
tuned from smaller thanC1 of the particle-electrode junction
to larger thanC1, and consequently was the SET behav
finely tuned. The tuning behavior can be useful for develo
ing tunable SET devices.
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