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Abstract

This article focuses on surfaces containing nanoparticles and self-assembled monolayers (SAMs). These surfaces
provide a simple and reliable platform for measurements of single electron tunneling (SET) properties of metal nano-
particles at room temperature. This approach of interfacial chemistry allows for the elimination of lateral motion of the
individual nanoparticles during electronic property studies. The scanning tunneling microscopy (STM) in ultra-high
vacuum is used as an accurate and reproducible probe for imaging and I–V characterization of individual or aggregated
Au nanoparticles, revealing a large Coulomb gap (1.0 eV) and fine Coulomb staircases (0.2–0.3 eV) at room tempera-
ture. The surrounding decanethiol SAM provides an ideal reference for the imaging and I–V measurements of nano-
particles. These measurements provide a quantitative guide for regulating current and voltage, at which individual
Au nanoparticles may be detached and manipulated with the STM tip.
� 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Surfaces with novel nanostructures have many
applications in fields of nanoelectronics [1,2], bio-
logical microelectromechanical system (BioMEMs)
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[3], as well as molecular electronics [4,5]. One of the
challenges of nanotechnology lies in the ability to
measure material properties in those nanostruc-
tures. This article provides a simple and reliable
protocol used to measure single electron tunneling
(SET) properties of a special nanostructure, that is,
metal nanoparticles, at room temperature. SET
behavior has been reported for small metallic par-
ticles, especially at cryogenic temperatures [6–10].
ed.
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The signature of SET is the appearance of both the
Coulomb blockade and Coulomb staircases [11].
SET has been recognized as the basis of future sin-
gle-electron devices and as a probe for measuring
electronic properties, i.e., conductance and capaci-
tance, among interfaces or molecules on the nano-
meter scale [12–15]. Further development of SET
based nanodevices requires (i) the knowledge and
ability to design a SET with desired properties at
room temperature; (ii) a reliable test platform to
characterize device components such as nanoparti-
cles (NPs), surroundings, and electrodes; (iii) an
advanced methodology to tune the electronic prop-
erties in the device; and (iv) reliable and reproduc-
ible methods to engineer stable devices with single
NP precision.

Much progress has been made in the past dec-
ade in all, especially the first three, areas of re-
search. We have learned that, in order to observe
both the Coulomb blockade and staircases, two
necessary conditions have to be satisfied [11]. First,
the charging energy, Ec = e2/2C, determined by
the addition of one electron to the metal particle
with capacitance C, must exceed the thermal
energy kBT. If this condition is not fulfilled,
thermally activated electrons will overcome the
Coulomb barrier and lead to a non-zero tunneling
current. Second, the electric contacts to the parti-
cles should have tunneling resistances larger than
the quantum resistance, h/4e2 (�6.5 kX), in order
to suppress quantum fluctuations of the electron
charge. Typically, only nanometer-sized particles
with a capacitance on the order of 10�18 F satisfy
these conditions and exhibit SET effects at room
temperature [11].

Scanning tunneling microscopy (STM) and
spectroscopy (STS) have proven to be an accurate
test platform for SET and conductance/capaci-
tance measurements [6–8,10,12,16,17]. STM not
only is able to image NPs with high resolution,
but also can perform current–distance (I–Z) and
current–voltage (I–V) spectroscopy measurements.
In I–V measurements, the STM multiple junctions,
i.e., tip/passivation layer/NP/passivation layer/
electrode, can be modeled using an equivalent cir-
cuit of a double barrier tunneling junction (DBJT),
as shown in Fig. 1(a) and (b). For successful and
reliable STM experiments, NPs must be immobi-
lized on electrodes. Andres et al. first introduced
an immobilization protocol for bare Au-NPs using
a dithiol self-assembled monolayer (SAM) on a
Au(1 1 1) substrate [12]. Room temperature Cou-
lomb blockade and Coulomb staircases are ob-
served using these immobilized Au-NPs [12].
Harrell et al. modified and improved this proce-
dure by adsorbing alkane thiols on Au-NPs to
minimize aggregation and to simplify sample prep-
aration [7,8]. This approach�s limitation is that the
interaction between the STM tip and NPs often
leads to lateral displacement of the particles, man-
ifested as streaking in the STM images. Thus, SET
measurements could only be conducted on aggre-
gated particles [7].

The electronic properties in SET may be tuned
at cryogenic temperatures, as reported by Wang
et al., by varying the size of NPs (changing R1

and C1) and the STM tip–NP distance (changing
R2 and C2) [10]. Generally, the variable core size
of these particles allows the Coulomb blockade
gap to be tuned from 50 to 1000 meV [10]. It is dif-
ficult to extend this approach to room temperature
due to lateral movement of NPs as a result of weak
particle–surface interactions. Such lateral instabil-
ity makes parking the tip precisely on the NP
surface difficult, raising doubts about the repro-
ducibility of the I–V spectroscopic measurements
at room temperature.

Since I–V measurements in aggregated NPs
complicate the extraction of junction parameters
[11], better protocol needs to be developed in order
to immobilize NPs separately for reliable molecu-
lar conductance measurements. In addition, the
passivated NPs must have a strong binding to
the substrate to prevent lateral motion during the
scan at room temperature, and thus have a well-
controlled molecular orientation in junction 1.
Furthermore, advanced methodology needs to be
developed to position and engineer SET based
devices with single particle precision. This article
intends to address aforementioned issues by intro-
ducing a new modification to previously reported
NP immobilization protocols. UHV-STM studies
demonstrate that NPs in individual and aggre-
gated forms can sustain the tip–NP interactions
during STM imaging as well as spectroscopy stud-
ies at room temperature. In addition, NPs can be



Fig. 1. (a) A schematic of DBTJ device formed by an STM tip, a ligand-stabilized gold particle, and a Au substrate. (b) Corresponding
equivalent circuit for the DBTJ. (c) A scheme of particle immobilization procedures.
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moved from adsorption sites in a controlled man-
ner and with a single particle precision.
2. Experimental

SAM covered Au-NPs were synthesized using
the previously published procedures [18,19].
Briefly, gold NPs covered by n-octanethiolate
(C8H17SH, supplied by Aldrich) were synthesized
by the Brust reaction [19]. These particles were
then subject to size fractionation and thermal
annealing to reduce size dispersity. Transmission
electron microscopy (TEM) imaging has shown a
core diameter of approximately 1.5 nm (with a dis-
persity of about 20%) for NPs selected for this
investigation [19]. NPs were further chemically
functionalized with 1,8-octanedithiol through an
exchange reaction [18]. At the end of the reaction,
excess octanedithiol ligands were removed by re-
peated extraction with methanol. The final concen-
tration of octanedithiol on the particle surface was
about 50%, that is, on average, about 26 ligands
each for octanethiol and octanedithiol on the Au
core surface [18]. The resulting surface-active par-
ticles were kept in hexane prior to the STM
experiments.

Au(1 1 1) surfaces, that is, the electrodes used
for NP immobilization, were prepared following
established procedures [20,21]. Freshly cleaved
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mica was heated to 350 �C in vacuum (10�7 Torr
range) before pure gold (Alfa Aesar, 99.99%) was
thermally evaporated onto it. The gold films,
�200 nm in thickness, were cooled to room tem-
perature before being taken out of the chamber.
The STM operates under an ultra-high vacuum
(UHV) (RHK Technology) [20,21], which is
equipped with a fast entry load-lock for the trans-
fer of the samples and tips under a base pressure of
about 3 · 10�10 Torr. The STM tips were made
from a 0.010 inch tungsten wire (California Fine
Wire) by electrochemical etching in a 3 M sodium
hydroxide solution [20,21].
Fig. 2. (a) A topographic image of Au nanoparticles upon
immobilization on gold electrode, acquired at 1.0 V and 10 pA.
(b) A topography of decanethiol SAM surrounding individual
Au particles, taken at 1.0 V and 30 pA.
3. Results and discussion

3.1. Nanoparticle immobilization and STM imaging

The NP immobilization protocol includes the
following procedures as illustrated in Fig. 1(c).
First the gold thin films were taken out of the vac-
uum chamber and then hydrogen flamed to im-
prove the surface texture. The flamed films were
subsequently immersed in the 0.05 mg/ml Au-NP
suspension for 24 h. Then, the sample was immedi-
ately dipped into a 0.1 mM solution of decanethiol
(C10H21SH, supplied by Aldrich) in ethanol for
1 h, followed by rinsing with ethanol and hexane.
Finally, the sample was transferred to the UHV-
STM system for imaging and I–V measurements.
In this protocol, the Au-NPs (diameter � 1.5 nm)
are self-assembled onto the Au(1 1 1) surfaces via
S–Au chemisorption and the rest of the Au(1 1 1)
surface is immediately passivated by alkanethiol
SAMs. This approach utilizes the dithiol molecules
(C8H18S2) to immobilize Au-NPs on Au(1 1 1) sur-
faces. However, such linkage alone cannot effec-
tively prevent the lateral movement of NPs
during the scan [8]. This lateral instability is fur-
ther alleviated by the introduction of the sur-
rounding decanethiol SAM. Since alkanethiols
form closely packed and ordered structures on
Au(1 1 1) [20,21], this method assures the standing
up and all-trans conformation of dithiol and
alkanethiols under Au-NPs, which further stabi-
lizes junction 1. In addition, the STM imaging
and STS study of decanethiol molecules are well
established [20,21], which provides an internal cal-
ibration for both imaging and spectroscopy studies
of Au-NPs.

Fig. 2(a) demonstrates the stability and separa-
tion of NPs prepared using this method, where the
interparticle distance ranges from 5 to 20 nm. As a
reference, the corresponding decanethiol matrix
surrounding the particles is imaged and shown in
Fig. 2(b), in which the characteristic (

p
3 ·p

3)R30� structure of decanethiol SAMs is clearly
visible [21,22]. The periodicity of decanethiol
SAMs serve as a guide for determining the dimen-
sion of NPs, while the I–V characteristic of deca-
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Fig. 3. An I–Z spectrum on (a) an individual Au nanoparticle
(setpoint 1.0 V and 39 pA) and (b) decanethiol matrix (setpoint
1.0 V and 30 pA).
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nethiol provides an excellent reference for investi-
gating NPs� electronic properties.

3.2. Coulomb blockade and staircases revealed

by I–V spectroscopy study

The stable, high-resolution images enable the
selection of NPs for spectroscopy studies at room
temperature. It is worthwhile to note that consis-
tent tip–NP distance is the basis for a reliable
and reproducible I–V characterization, as the R2

and C2 of junction 2 varies as a function of tip–
NP distance. Following our previous study on a
model of molecular electronics [20], we use I–Z
measurements as the guide to consistently park
STM tips. The STM tip is firstly parked over an
individual NP and the corresponding setpoint of
1.0 V and 39 pA is chosen as the reference (z = 0
is designated at this point). Subsequently, the
I–Z measurement was acquired as shown in
Fig. 3(a), where the tunneling current increases
exponentially as tip approaching the NP. A kink
point occurred during approaching, indicating
the tip–SAM contact and a vertical spacing of
1.0 Å between the tip and the top of the passivated
Au-NP at the reference point [20]. When the tun-
neling current is tuned from 18 to 66 pA under
the same bias of 1.0 V, that is, when the tip
approaches closer to the NP, with the assump-
tion of a logarithmic relationship (I/V = Ae�kz)
between the tunneling conductance (I–V) and the
tunneling gap z, the corresponding tip–NP dis-
tance can be calculated to be 1.5 and 0.7 Å, respec-
tively. The tip–NP separation determined by such
manner was used to consistently park the tip prior
to I–V measurements. Similarly, Fig. 3(b) shows
the I–Z spectrum of a decanethiol matrix next to
one isolated individual NP.

Current vs. voltage (I–V) spectra in Fig. 4(a)
clearly show that the tunneling current increases
with the tip–particle distance reduction. At room
temperature, both Coulomb blockade and stair-
case were observed, for both individual and aggre-
gated Au-NPs, as shown in Fig. 4(a) and (b),
respectively. Zero conduction region was mea-
sured from �0.45 to +0.45 V, which indicates that
no electrons were transported through the junc-
tions, i.e., Coulomb blockade. In contrast, tunnel-
ing current was always measurable throughout the
biasing range for the surrounding decanethiol area
(see Fig. 4(c)). The I–V traces in Fig. 4(c) are linear
with small slopes at small voltages, and the slopes
increases with increasing voltage. The slopes for
alkanethiols never reach zero, i.e., no Coulomb
blockade is observed. This observation is consis-
tent with previous studies of alkanethiol SAMs
[23–25]. The appearance of the Coulomb blockade
in Fig. 4(b) of aggregated Au-NPs reveals suffi-
cient electric isolation among neighboring particles
due to the thiol modification. Such isolation was
difficult to achieve in the past, e.g., in Co clusters
supported by high dielectric Al2O3 film [17]. This
electric isolation among neighboring NPs is espe-
cially desired in the construction of single-electron
devices, e.g., floating gate devices. It is important
to note that these I–V curves were repeatedly taken



Fig. 4. Scanning tunneling spectroscopy of Au nanoparticles at room temperature: (a) I–V measurements above the nanoparticle
indicated in the insert at defined tip–particle distances (z). (b) An I–V curve above one of the nanoparticles among the arrays (see
insert). The digital derivative of dI/dV is deduced and shown below the I–V curve. The initial setpoint is 1.0 V and 80 pA. (c) I–V
spectra of decanethiol SAM in the surrounding. Initial setpoints are 1.0 V and 120, 80, and 20 pA, respectively (from top to bottom),
which corresponds to a tip–particle distance of 0.00, 0.03, and 1.30 nm, respectively. Coulomb blockade in region I and staircases in
regions II and III are also indicated in each I–V spectrum.
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over the NPs without introducing conformational
changes or lateral movements.

While Coulomb staircases usually exist as equi-
distant current steps similar to the Coulomb
blockade for large size NPs (diameter > 4 nm)
[10], the situation is different in the present system,
where the particle core is �1.5 nm. Nanoparticle�s
from the STM image in Fig. 4 is �4.1 nm, if we
consider that octanethiol and 1,8-octanedithiol
ligands have a chain length of approximately
1.1 nm and an average core size of 1.5 nm, the
lateral dimensions of the individual nanoparticles
appear to be reasonable. Inasmuch, the I–V curves
in Fig. 4(a) and (b), along with the digital deriva-
tive of dI/dV curve in Fig. 4(b), have an uneven
spacing between the adjacent current steps, with
a width of 1 eV at the zero conductance region
and a spacing of 0.2–0.3 eV for the other current
steps. Furthermore, the I–V spectra share an
asymmetric shape between the current in negative
and positive biases, suggesting the existence of a
non-zero value of fractional charge (Q0) on the
NP. It has been suggested that the zero conduc-
tance region is due to the additional charging
energy obtained from quantum size confinement
and narrow spacing within the discrete energy
levels of electrons in the Au particles [10]. Since
the mean spacing of energy levels within a
Au-NP is expected to be only 0.07 eV (�3kBT), a
plausible explanation associated with the occur-
rence of 0.2–0.3 eV may be due to the further
spatial confinement from the chemisorption of S
atoms on the Au particle surface [10].

3.3. Extracting electronic properties of junctions

Using the DBTJ model, one can quantify the
electronic properties, e.g., resistance and capaci-
tance, by curve fitting the equivalent circuit, as
summarized in Table 1. For a given passivated
Table 1
Electronic properties of junctions 1 and 2 in the DBTJ

Spectroscopy parameters

Total capacitances from threshold voltage
Current slope of 30 pA/0.4 V and current jump of 100 pA
SET numerical fitting
Au-NP, the capacitance C1 is fixed and the varia-
tion of tip–particle distance with different setpoint
currents can change C2. By treating these particles
as spheres, we estimate an overall geometric capac-
itance [16] (Ct = C1 + C2) of the NPs as Ct =
2pde0e = 2.1 · 10�19 F, where a particle diameter
d of 1.5 nm and a dielectric constant of e = 2.5
for alkanethiol SAMs are assumed [25]. Since the
electrostatic charging energy (Ec) of the system
estimated from the blockade width is around 0.45
eV, the corresponding tunneling capacitance Ct =
e2/2Ec = 1.8 · 10�19 F can be calculated, and this
value agrees well with the geometric estimation.

In addition, since the STM tip is at a fixed dis-
tance with respect to the center of NPs, R2C2 �
R1C1. From the analytical expression derived by
Hanna and Tinkham [26], the slope on the steps
(n0 constant) in the I–V curve is given by C1/
R2Ct and the current jump (where n0 ! n0 + 1) is
equal to e R2Ct. These two data, i.e., a slope of
30 pA/0.4 V and a current jump of 100 pA, can
be extracted from Fig. 4(b), and R2 � 8.9 GX
and C1 � 1.2 · 10�19 F can be then calculated. C2

can be calculated from Ct and C1, yielding
C2 = 0.6 · 10�19 F. The capacitance of the Au-
NP/substrate junction is higher than that of the
tip–NP junction because of the narrower spacing
and the larger contact area in the former case.

Based on the orthodox theory and using the
SETNETS program, the obtained fitting param-
eters are R1 = 0.1 GX and C1 = 1.2 · 10�19 F
for the particle/substrate tunnel junction, R2 =
4.6 GX and C2 = 0.6 · 10�19 F for the particle–
STM tip tunnel junction, and a fractional residual
charge of Q0 = 0.05e. The numerically fit curve is
shown in Fig. 4(b), in which agreement with exper-
imental data is achieved in the negative bias re-
gion, while the narrow Coulomb staircases causes
a slight deviation of the fitting in the positive bias
regime. The resistance of the Au particle–STM tip
Electronic properties at junctions

C1 + C2 = 0.18 aF
R2 � 8.9 GX, C1 = 0.12 aF, and C2 = 0.06 aF
R1 � 0.1 GX, R2 � 4.6 GX and Q0 = 0.05e



Fig. 5. STM manipulation of passivated Au nanoparticles.
STM images before (a) and after the extraction of a single (b)
and two Au NPs (c). The extraction was performed under the
conditions of 0.3 V and 30 pA. The images were taken at 1.0 V
and 30 pA.
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junction is higher, because of the larger tunneling
distance. Because the Coulomb gap is dominated
by the larger capacitance in such two-junction sys-
tems (in our case, C1 of the NP/substrate junc-
tion), the blockade width is independent of the
current setpoint.

The resistance (R1 of � 0.1 GX), or conduc-
tance (1/R1), of junction 1 corresponds well with
the resistance of alkanethiol molecules in a stand-
ing up configuration [5,23,24]. We note that this
value is 1–2 orders of magnitude higher than pre-
vious reports [7,10]. In previous systems, lateral
movement of the NPs and less than closely packed
structures of the passivation layer likely led to a
higher value of the measured molecular conduc-
tance. Our apparent resistance is consistent with
Lindsay�s work on a single octanedithiol molecule
using a conducting AFM [5]. In his system, an
individual Au-NP was used as an electrode to mea-
sure conductance of SAMs underneath and a
charge resistance of 0.9 GX for octanedithiol was
estimated [5]. Since no SET effects were observed
in their work (supported by the lack of current
blocking �±0.1 V), it is possible that the
Au-NPs fused with the Au tip while positioning
and measuring conductance and merely func-
tion as electrodes. Despite differences in measur-
ing and extracting the resistance for molecular
conductance, some valuable comparison in R1

can still be made. Clearly, charge injection from
Au to the SAM is difficult due to the large energy
barrier between the Au electrode and alkanethiols
(�2.5 eV) [23]. Thus, both experiments measured
tunneling resistance. Their resistance values of
0.1–0.9 GX are in close proximity to our R1 of
0.1 GX for octanedithiols.

3.4. Single particle manipulation by STM

The spectroscopy measurements also facilitate
the determination of single particle manipulation.
The weakest link in the junction of Au-NPs/1,
8-octanedithiol molecules/Au(1 1 1) substrate is
the S–Au bond with a binding energy of 1.8 eV,
i.e., corresponding to a breakdown voltage of
1.8 V or an electric field of 1.9 · 109 V/m [20,27].
Thus, when the electric field on the junction
of Au-NPs/1,8-octanedithiol molecules/Au(1 1 1)
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substrate is below such a value, those immobilized
NPs can be imaged without perturbation as shown
in Fig. 2. When the S–Au bond between Au-NPs
and Au(1 1 1) substrates is weakened by an in-
creased electrical field, dissociation or desorption
of the alkanethiol on Au starts to occur [20] and
a single NP can be selectively detached and manip-
ulated with nanometer precision and resolution.

The main steps for the NPs extraction are as
follows: first, a single NP is selected by imaging
the surface at a bias of �1.0 V (electric field of
�8 · 108 V/m). In the second step, the STM tip
is parked above the selected NP, and the voltage
is lowered below the charging voltage. Subse-
quently, the voltage is increased to �1.8 V and
the NP is extracted to the tip. In the final step,
the NP can be deposited by applying an electrical
pulse on the selected area. An example of the con-
trolled extraction individual NPs shown in Fig. 5.
Fig. 5(a) shows three NPs and a dimer surrounded
by a decanethiol monolayer before manipulation.
The tip was positioned above the single NP at
the lower part of the image, and the bias voltage
was then decreased to 0.3 V while the feedback
was still active. When the bias voltage was in-
creased to a value of 1.8 V, the NP was removed,
as shown in Fig. 5(b). Repeating this procedure
can remove one NP from the dimer, as shown in
Fig. 5(c). It was also possible to remove NPs with
a bias voltage of +1.0 V and 0.5 nA with a compa-
rable success rate. Alternatively, the injection of
a large current into the junction of Au-NPs/1,
8-octanedithiol molecules/Au(1 1 1) substrate could
cause charge re-distribution along the S–Au bond
as well, giving rise to the dissociation of alkanethiol
adsorbates on either Au-NPs or the Au(1 1 1) sub-
strate [20]. The NPs removed are often attached
to the tip, which can be released after voltage puls-
ing with negative bias.
4. Conclusions

A surface science based, simple and reliable
protocol has been developed to capture SET effects
of metal NPs at room temperature. Particle immo-
bilization on electrode surfaces are achieved using
mixed alkanethiol and alkanedithiols, where
alkanedithols attach NPs to Au electrodes. Subse-
quently, the rest of the gold surface is covered by
an alkanethiol SAM. This approach of interfacial
chemistry eliminates aggregation and the lateral
motion of individual NPs under the STM probes,
resulting in an accurate and reproducible imaging
and I–V characterization. In addition, the sur-
rounding decanethiol SAM provides an accurate
reference for imaging and I–V measurements for
NPs. The STM I–V spectroscopy studies clearly
reveal the SET behavior at room temperatures, a
large Coulomb gap (�1 eV) and fine Coulomb
staircases (0.2–0.3 eV). Using the DBTJ model,
one can quantify the electronic properties, e.g.,
resistance and capacitance, by curve fitting the
equivalent circuit, as summarized in Table 1. In
addition to nanoelectronics design, our approach
provides a simple way for determining the thresh-
old current and voltage under which individual
Au-NPs may be detached and manipulated on
surfaces.
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