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The electrical properties of Au nanoparticles protected by thiol-functionalized oligo(phenylene-

ethynylene) (OPE), 1,4-bis-(3-mercapto-phenylethynyl)benzene have been investigated by scanning

tunneling microscopy (STM) and scanning tunneling spectroscopy (STS). The STM and scanning

electron microscopy images of chemisorbed OPE-protected Au nanoparticles on Au(111) surface were

similar, and the densities were almost identical. OPE-protected Au nanoparticles exhibited stochastic

conductance switching behaviors, and current-voltage (I–V) and log I–V characteristics by STS at

100 K showed Coulomb blockade behaviors. The charging energy of Au nanoparticles was as high as

0.57 eV when the core diameter was 2.1 nm. Our results are significant for single-electron transistor

memory applications. VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4747720]

Oligo(phenylene-ethynylene) (OPE) derivatives have

attracted considerable attention owing to their potential

applications to molecular devices due to their small highest

occupied molecular orbital (HOMO)–lowest unoccupied mo-

lecular orbital (LUMO) gaps in molecules (�3 eV),1 synthe-

sis flexibility,2–6 negative differential resistance (NDR),7–10

and stochastic conductance switching phenomena.7,8,11–15 In

particular, stochastic conductance switching phenomena

have been intensively investigated using scanning tunneling

microscopy (STM) because the origin of conductance

switching in single OPE molecule is important for realizing

single molecular switching devices. The origin of stochastic

conductance switching phenomenon has been interpreted as

the mobility of molecules,12 conformational changes in mol-

ecules,13 bond hybridization,7,16,17 reductions in functional

groups,18 functional group rotation,19 backbone phenyl ring

rotations,20 and intermolecular interactions.21

Au nanoparticles are one of the candidates for develop-

ing components of single-electron transistors because their

core diameters can be controlled by chemical synthesis to be

in the order of sub-nanometers, and the characteristics of Au

nanoparticles can be functionalized by choosing adequate

functional organic molecules as a ligand.22–26 Recently, our

group found that OPE functional molecules can be applied to

the ligand of Au nanoparticles and OPE-protected Au nano-

particles can be synthesized. Since these OPE-protected Au

nanoparticles have promising applications to solid-state devi-

ces, it is desirable to examine their electrical properties.

In this paper, we describe our investigations into the electri-

cal properties of OPE-protected Au nanoparticles by using

STM. The density of OPE-protected Au nanoparticles is

discussed using STM and scanning electron microscopy (SEM).

Stochastic conductance switching behaviors of OPE-protected

Au nanoparticles are demonstrated by examining successive

STM images. By using scanning tunneling spectroscopy (STS),

we also demonstrate Coulomb blockade behaviors of OPE-

protected Au nanoparticles observed in the current-voltage (I–V)

characteristics at 100 K of a double-barrier tunneling junction

(DBTJ) comprising tip/vacuum/OPE-protected Au nanopar-

ticles/Au(111). We also evaluate the charging energy of Au

nanoparticles and resistance of OPE ligands using orthodox

theory and set-point current dependence of the resistance.

Au nanoparticles protected by OPE ligands were synthe-

sized27 and used as Coulomb islands of the DBTJ. From the

transmission electron microscopy (TEM) image, the diame-

ter of the Au core was evaluated as 2.1 nm. The chemical

structure of the OPE ligand molecule is shown in Fig. 1(a).

The Au substrate was prepared on cleaved mica using a vac-

uum evaporation method. Before the evaporation, mica was

preheated at 580 �C for 11 h to remove contamination. After

the thermal evaporation, the Au substrate was heated at

580 �C for 2 h to form a flat Au(111) surface. The substrate

was immersed in a 0.16 nM dimethylformamide (DMF) solu-

tion of OPE-protected Au nanoparticles for 10 min. Finally,

the substrate was rinsed with purified DMF to remove the

excess OPE-Au nanoparticles. The sample was then intro-

duced into ultrahigh vacuum STM [JEOL JSTM-4500 LT

(modified)]. Figure 1(b) shows the schematic image of the

DBTJ described in our work, which consists of a STM-tip/

vacuum/OPE ligand/Au core/OPE ligand/Au(111) surface.

The tunneling resistance R1 between the STM tip and Au

nanoparticle can be varied by adjusting the set-point current,

while the resistance R2 between the Au nanoparticle and

Au(111) substrate depends on the OPE ligands. All the STM

observations and STS measurements were carried out in the

a)Author to whom correspondence should be addressed: Electronic mail:

majima@msl.titech.ac.jp.

0003-6951/2012/101(8)/083115/5/$30.00 VC 2012 American Institute of Physics101, 083115-1

APPLIED PHYSICS LETTERS 101, 083115 (2012)

Downloaded 07 Mar 2013 to 131.112.140.108. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions

http://dx.doi.org/10.1063/1.4747720
http://dx.doi.org/10.1063/1.4747720
http://dx.doi.org/10.1063/1.4747720
http://dx.doi.org/10.1063/1.4747720


ultrahigh vacuum STM at 100 K. An electrochemically

etched tungsten tip was used, and the STM images were cap-

tured in a constant current mode. In the STS measurements,

the sample bias voltage was swept within 62 V. The vacuum

gap between the STM tip and OPE-Au nanoparticle was con-

trolled by varying the set-point current from 10 pA to 1 nA.

To confirm the density of the OPE-protected Au nanopar-

ticles on the Au(111) surface, SEM observations were performed

by SU8000 (HitachiHigh-Tech, Japan), which use 200 V as the

landing voltage to observe the 2.1 nm-diameter Au core.

Figures 2(a)–2(c) are the SEM images of the sample that

was prepared by immersion in the 0.16 nM DMF solution of

OPE-protected Au nanoparticles for 10 min, and Figs. 2(d) and

2(e) are the STM images. Figures 2(b) and 2(c) are the magni-

fied images of the square areas (A and B, respectively) shown

in Fig. 2(a), and their image sizes are 150� 150 and

100� 100 nm2, respectively, and identical to those of Figs. 2(d)

and 2(e). The density of the OPE-protected Au nanoparticles in

the SEM image is almost between 20 and 50 nanoparticles per

100� 100 nm2, and it is similar to that in the STM image. Con-

sequently, the bright spots in the SEM and STM images are con-

sidered to be OPE-protected Au nanoparticles, and their density

can be estimated by either of the two techniques, SEM or STM.

Figure 3(a) shows the STM image of OPE-protected Au

nanoparticles on the Au(111) substrate, which was obtained

with a sample bias voltage of �1.5 V, set-point current of

10 pA, and image size of 35� 35 nm2. The images (labeled

as A–H) in Fig. 3(b) are successive images of OPE-protected

Au nanoparticles, which were acquired at 7 -, 15 -, 25 -, 32 -,

47 -, 59 -, and 80-min intervals after image A was acquired.

The stochastic switching phenomena of the OPE molecule

have been studied previously in structures consisting of sin-

gle and bundled OPE molecules in matrices of alkanethiol

monolayers.7,11–14 Note that the stochastic conductance

switching phenomena have been observed even in OPE

ligand-protected Au nanoparticles similar to OPE molecules.

In this study, referring to the high conductivity state as

“ON” (A of Fig. 3(b)) and the low conductivity state as “OFF”

(B of Fig. 3(b)), reversible switching between the ON and OFF

states occurred for 80 min (ON-OFF-ON-OFF states). Figures

3(c) shows a cross-sectional profile of the OPE-protected Au

nanoparticle shown as A and B in Fig. 3(b). The change in the

height of Au nanoparticles was observed as conductance

switching. Basically, the height information of Au nanoparticles

in the STM image reflects the diameter of the Au nanopar-

ticles.28 However, the height of the Au nanoparticles appears

smaller than the core diameter of Au nanoparticles in Fig. 3(c);

this can be attributed to stochastic conductance switching phe-

nomena, similar to those present in OPE molecules.

Figures 4(a)–4(f) show the linear plots and the corre-

sponding semi-logarithmic plots for the experimental I–V
characteristics (solid lines) of OPE-protected Au nanopar-

ticles. These I–V curves were acquired for OPE-protected

Au nanoparticles in the ON state by STS measurements at

100 K, since these nanoparticles were observed by STM

images before and after the STS measurements. Coulomb

blockade behaviors were observed repeatedly for set-point

FIG. 1. (a) Chemical structure of thiol-functionalized OPE, 1,4-bis-(3-

mercapto-phenylethynyl)benzene, ligand molecule. (b) Schematic drawing

of the double-barrier tunneling junctions. Junction 1 is the tunneling barrier

between STM-tip and Au core, which consists of a vacuum layer and OPE

ligand, and junction 2 is the tunneling barrier between the Au core and

Au(111) surface, which consists of only the OPE ligand.

FIG. 2. Comparison between SEM and STM images of chemisorbed OPE-

protected Au nanoparticles on Au(111) substrate. (a)–(c) and (d)–(e) are the

SEM and STM images, respectively, of the sample prepared by immersion in

a 0.16 nM DMF solution of OPE-protected Au nanoparticle for 10 min. (b)

and (c) are magnified images of the square area (A and B, respectively) of (a).

The size of (b) and (d) is 150� 150 nm2 and the size of (c) and (e) is

100� 100 nm2. The STM images for (d) and (e) were obtained with set-point

currents of 20 pA and sample bias voltages of�1.8 V and 1.5 V, respectively.

083115-2 Koo et al. Appl. Phys. Lett. 101, 083115 (2012)
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currents between 10 pA and 1 nA. The broken lines in Figs.

4(a)–4(f) show the theoretical curves fitted with the experi-

mental results using the orthodox theory.25,26,29,30 The DBTJ

parameters comprise resistance R1 and capacitance C1

between the STM tip and Au core, resistance R2 and capaci-

tance C2 between the Au core and Au(111) substrate, and

fractional residual charge Q0 of the Au core, which can be

estimated by using the orthodox theory.29,30

The theoretical calculation process is shown as follows.

According to the orthodox theory in DBTJ, the tunneling

rate for the jth junction C6
j ðnÞ, where the 6 refers to the for-

ward or reverse tunneling process across the junctions, can

be derived from a basic golden-rule calculation.29,30

C6
j ðnÞ ¼

1

Rje2

�DE6
j

1� expðDE6
j =kBTÞ

" #
; (1)

where DE6
j is the energy change of the system when the

electron tunnels across the jth tunneling barrier.

DE6
j can be obtained from electrostatic energy

considerations,

DE6
1 ¼

e

C1 þ C2

e

2
6ðne� Q0Þ6C2V

� �
; (2)

DE6
2 ¼

e

C1 þ C2

e

2
6ðne� Q0Þ7C1V

� �
; (3)

where e is the unit charge and V is the sample bias voltage.

The ensemble distribution of the number of electrons on the

nanoparticle rðnÞ is obtained by noting that the net probabil-

ity for making a transition between any two adjacent states

in steady state is zero as

rðnÞ½Cþ1 ðnÞ þ Cþ2 ðnÞ� ¼ rðnþ 1Þ½C�1 ðnþ 1Þ þ C�2 ðnþ 1Þ�;
(4)

where rðnÞ is subjected to the normalization condition,P1
n¼�1rðnÞ ¼ 1.

Considering Eqs. (1)–(4), the total current through

DBTJ is given by

IðVÞ ¼ e

X1
n¼�1

rðnÞ½Cþ2 ðnÞ � C�2 ðnÞ�

¼ e

X1
n¼�1

rðnÞ½C�1 ðnÞ � Cþ1 ðnÞ�: (5)

In Figs. 4(a)–4(f), the theoretical I(V) are shown as bro-

ken lines, which were numerically calculated by Eq. (5). The

theoretical curves are fitted to the onset of the first Coulomb

steps in the experimental STS results. The estimated DBTJ

parameters are shown in the caption of Fig. 4. It notes that

the experimental results agree well with the theoretical I(V)

curves within the sample bias voltage region between �1

and 1 V. On the contrary, the experimental results sometimes

larger than the theoretical I(V) curves due to a nonlinearity

of I–V characteristics with respect to the sample bias voltage

region higher than 61.0 V.26

FIG. 3. Stochastic switching behaviors of OPE-protected Au nanoparticle,

observed using STM. (a) STM images obtained with a sample bias voltage

of �1.5 V, set point current of 10 pA, and image size of 35� 35 nm2. (b)

Successive STM images of single OPE-protected Au nanoparticle were

acquired at 7 -, 15 -, 25 -, 32 -, 47 -, 59 -, and 80-min intervals from the image

A. (c) is the cross-sectional profile of the Au nanoparticle in Fig. 3(b) (black

solid lines and blue broken lines represent as A and B, respectively).

FIG. 4. Tunneling current versus sample bias voltage characteristics in

STM-tip/vacuum/OPE ligand/Au core/OPE ligand/Au(111). (a)–(f) show

the linear plots and the corresponding semi-logarithmic plots. Solid lines

represent the experimental results and broken lines represent the theoretical

I(V) curves calculated using the orthodox theory. The values of the evaluated

parameter are as follows: (a) C1¼ 0.039 aF, C2¼ 0.062 aF, R1¼ 71 GX,

R2¼ 12 GX, and Q0¼�0.06e; (b) C1¼ 0.053 aF, C2¼ 0.079 aF, R1¼ 194

GX, R2¼ 11 GX, and Q0¼�0.023e; (c) C1¼ 0.084 aF, C2¼ 0.15 aF,

R1¼ 44.6 GX, R2¼ 15 GX, and Q0¼�0.15e; (d) C1¼ 0.056 aF,

C2¼ 0.067 aF, R1¼ 32 GX, R2¼ 10 GX, and Q0¼�0.061e; (e)

C1¼ 0.045 aF, C2¼ 0.091 aF, R1¼ 21.9 GX, R2¼ 8 GX, and Q0¼ 0.147e;

(f) C1¼ 0.068 aF, C2¼ 0.046 aF, R1¼ 17.5 GX, R2¼ 7.5 GX, and

Q0¼ 0.114e, where e is the unit charge.

083115-3 Koo et al. Appl. Phys. Lett. 101, 083115 (2012)
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Considering the mirror image of a point charge model

between a charged sphere and a conducting plate, the capaci-

tance between the Au nanoparticle and conducting plate of

the Au substrate (or the STM tip) is proportional to 4pe0err,

where e0 is the dielectric constant of vacuum; er, the relative

dielectric constant; and r, the diameter of the Au nanopar-

ticle.26,30,31 If we assume the relative dielectric constant of

vacuum (er¼ 1) and r¼ 1.05 nm, the estimated capacitance

between the Au nanoparticle and conducting plate (C) is

0.12 aF. The electrostatic charging energy of the Au nano-

particle is Ec¼ e2/2 CR, where CR is the sum of the capaci-

tances of the DBTJ. If CR is assumed as 2 C, the estimated

Ec is 0.34 eV. The experimental average Ec for 22 of the STS

measurements is 0.57 eV, which is of the same order as the

estimated value of 0.34 eV. Because Ec is considerably larger

than the thermal fluctuation kBT (�9 meV), Coulomb block-

ade behaviors are clearly observed at 100 K in Figs. 4(a)–

4(f). Since the charging energy of 0.57 eV is 20 times greater

than kBT at room temperature, there exists the possibility

that this OPE-protected Au nanoparticle can be used as a

Coulomb island in the single-electron transistor operating at

room temperature.26

Figure 5(a) shows the relationship between R1 and the

set-point current (Iset). The solid straight line represents the

measurement conditions when IsetR1¼ 2 V. In Fig. 5(a), R1

is inversely proportional to Iset, which indicates that the dis-

tance between the STM tip and Au core is dependent on

Iset. Figure 5(b) shows the relationship between R2 and Iset.

The solid straight line represents the R2 value when

IsetR1¼ 2 V (R1/R2¼ 1), and the dotted straight line repre-

sents the R2 value when IsetR1¼ 0.04 V (R1/R2¼ 50). If the

R1/R2 ratio is less than 50, the R2 value can be defined by

fitting the theoretical curve to the experimental I–V curve,

especially at the onset of the first Coulomb steps of both

bias voltage polarities. We have reported the R2 depend-

ence of alkanethiol-protected and basic-ligand-protected

Au nanoparticles previously and demonstrated that the R2

value is independent of Iset when R1/R2> 1.26,30 The con-

stant value of R2 is determined by the ligand molecule

between the Au core and Au(111) substrate on the basis of

the DBTJ structure in Fig. 1(b). In Fig. 5(b), R2 is independ-

ent of Iset when Iset� 20 pA and dependent on Iset when

Iset� 50 pA. Hence, R2 of the OPE ligand molecule is deter-

mined to be 15.0 GX from the average value of R2 when

Iset� 20 pA. When Iset� 50 pA, the R2 value is inversely

proportional to Iset, which indicates that the STM tip con-

tacted the OPE-protected Au nanoparticle. Since the height

of the OPE-protected nanoparticle at the OFF state is lower

than that at the ON state, the conductance of the OFF state

should be smaller than that of the ON state. The R2 evalua-

tion at the OFF state and the applications of OPE-Au nano-

particles to single-electron transistors will be reported in

the next paper.

In this paper, we have described our investigations into

the electrical properties of chemically synthesized Au nano-

particles protected by OPE ligand molecules. Stochastic con-

ductance switching behaviors were observed in the case of

chemisorbed OPE-protected Au nanoparticles by STM anal-

yses; this is similar to the behavior of individual OPE mole-

cules. Coulomb blockade behaviors were also observed in

current-voltage (I–V) and log I–V characteristics by STS

analyses at 100 K; the charging energy of Au nanoparticle

was estimated to be 0.57 eV when the core diameter was

2.1 nm. The resistance of the OPE ligand molecule was

15 GX in the ON states. Our results are significant for appli-

cations to single-electron transistor memories operating at

room temperatures due to the stochastic switching of the

OPE ligand molecules.
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FIG. 5. Set-point current (Iset) dependence of tunneling resistances (a) R1,

and (b) R2 for OPE-protected Au nanoparticles. Open and closed circles

represent the evaluated values of R1 and R2, respectively. (a) Solid line indi-

cates the power law R1/1/Iset when IsetR1¼ 2 V. (b) The solid and the

dashed lines show the power law relationship IsetR1¼ 2 V (R1/R2¼ 1) and

IsetR2¼ 0.04 V (R1/R2¼ 50), respectively. The average values of R2 for

OPE-protected Au nanoparticles are 15 GX when Iset� 20 pA.
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