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Self-assembled monolayers (SAMs) of alkanethiol with a ferrocenyl group (ferrocenylthiol) are well

known as electrochemically active ultrathin films. In this study, ferrocenylthiol SAMs were locally

modified by applying DC bias voltages to the SAMs using atomic force microscopy (AFM) and the

surface potential distributions of the modified areas were investigated by Kelvin probe force microscopy.

A positive surface potential shift was detected in the negatively biased regions. In addition, a reversible

surface potential change was successfully detected. The surface potential changes were discussed in

terms of the electrochemical activity of the ferrocenyl groups.

1. Introduction

Alkanethiol self-assembled monolayers (SAMs) have been studied for more than 20 years

owing to their precisely controlled thickness and well-ordered structures. They also allow us

to easily design and control the surface chemical functionalities of substrates by choosing the

terminal functional groups in tethered thiol molecules.

Recently, several research groups have studied ferrocene-terminated alkanethiol (ferro-

cenylthiol) SAMs as electrochemically active ultrathin films.1–8 SAMs containing electrochem-

ically active groups can be employed as an ideal system for studying interfacial electron trans-

fer. The electrochemistry of ferrocene is known to be simple and stable,9 and ferrocenylthiols

are attempted to be easily formed into uniform monolayers, as shown in Fig. 1. Therefore, they

have been expected to be applied to sensors, memory devices and molecular electronics with

control of their electrochemical states. Although studies on the macroscopic electrochemical

properties of the SAMs are prominently important, microscopic studies of the SAMs are also

desired considering the expected applications mentioned above.

Atomic force microscopy (AFM) has been widely used to investigate various surface struc-

tures on the nanometer scale. The distribution of material properties of sample surfaces can

also be studied using AFM-related techniques. Furthermore, AFM can be used as a nanoscale

fabrication tool of sample surfaces. Several fabrication techniques using AFM have been

proposed such as atom manipulation,10 dip-pen lithography,11 and electrochemical modifi-
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cation.12,13 Electrochemical modification has been widely used because it can be operated in

atmospheric condition and it does not require complicated equipment. Most research groups

focused on the fabrication of nanoscale oxides on metal or semiconductor surfaces using this

technique, so called scanning probe oxidization. Recently, the electrochemical conversions of

molecules on substrates using AFM have been reported.14–16 Some of them have succeeded

in not only oxidizaiton but also reduction of the molecules. In order to construct electronic

devices composed of ferrocene derivatives, reversibly manipulating their redox states in the

local areas is extremely impressive.

In this study, ferrocenylthiol SAMs were locally modified by applying DC bias voltages

to the SAMs using AFM, and the surface potential distributions of the modified areas were

investigated by Kelvin probe force microscopy (KFM). Because surface potential of organic

monolayers on conducting substrates reflects dipole moment of the molecules, it is expected

that the surface potential of the modified area will shift as the redox states of the ferrocenylth-

iols change.

2. Experimental Procedure

11-Ferrocenyl-1-undecanethiol (11-FUT) SAMs and 1-hexadecanethiol (HDT) SAMs on

Au substrates were used in this study. 11-FUT and HDT were purchased from Dojindo Lab-

oratories and Aldrich Chemicals, respectively, and used without further purification. Au sub-

strates were prepared by evaporating gold onto Si(100) surfaces (n-type, 1-10 Ω·cm) with a

thickness of 150 nm. Before evaporating gold, titanium was evaporated on the Si substrates

as an adhesion layer. 11-FUT SAMs and HDT SAMs were prepared by immersing the Au

substrates in ethanol solution containing each molecule for 24 h. The concentration and tem-

perature of these solutions were 1 mM and room temperature, respectively. After immersing

the samples in the solution, they were rinsed in pure ethanol and dried by N2 flow.

The water contact angles of 11-FUT SAMs and HDT SAMs were typically 82 and 108◦,

respectively, which indicated that the surface of the samples was covered by ferrocenyl groups

for 11-FUT SAMs and methyl groups for HDT SAMs.17 We confirmed that no ferrocenyl

groups of 11-FUT SAMs in the initial state were oxidized (not in the ferrocenium state),

using X-ray photoelectron spectroscopy.

All the AFM and KFM experiments were performed in air or N2 gas using a commercially

available AFM instrument (SII NanoTechnology Inc.: HV-300) with home-built equipment

for humidity control. Sample surfaces were locally modified by applying DC bias voltages to

the sample using contact-mode AFM; the AFM tip is connected to the ground. The KFM

experiments were employed with amplitude modulation AFM, where a modulation bias voltage

(25 kHz, 2.0 Vp-p) was applied to the sample. Highly doped Si cantilevers with Rh coatings

(SII NanoTechnology Inc.: SI-DF-3R(100)) were used for both the surface modification and

the KFM. The typical spring constant and resonance frequency of the cantilevers were 3 N/m
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and 30 kHz, respectively.

3. Results and Discussion

As schematically illustrated in Fig. 2(a), nine square regions with 1 × 1 µm2 of the SAMs

were modified by scanning at a rate of 5 µm/s with DC bias voltages from –3.0 to +2.0 V.

Figures 2(b) and 2(c) show a topographic image and the corresponding surface potential image

of an 11-FUT SAM after the surface modification operated in air at 50 % relative humidity

(RH). The surface potential where DC bias voltages from –3.0 to –1.5 V were applied was

increased, and no topographic changes were detected in the modified areas. One possible

origin of the surface potential shift is the oxidization of the ferrocenyl groups in the 11-FUT

SAM. It is simply speculated that the oxidization of ferrocenyl groups will lead to a positive

surface potential shift because of the change in their electric dipole moment. Surface potential

shift increased as applied negative bias voltage increased, which suggests that the number of

oxidized molecules was affected by applied negative bias voltage. In general, surface oxidization

using AFM has been performed by applying positive DC bias voltages to the samples while

the ferrocenyl groups in the 11-FUT SAMs in this study were oxidized by applying negative

DC bias voltages. This can be explained as follows. In the case of the oxidization of metal

or semiconductor substrates using AFM, a positive DC bias is applied to the substrate and

the substrate is oxidized. On the other hand, in this case, ferrocenyl groups made contacts

with an AFM tip with a metal coating, and an insulating layer composed of alkyl chains were

inserted between the ferrocenyl groups and the Au substrates. The potential of the AFM tip

was relatively high compared with the Au substrates when the negative DC bias voltage was

applied to the substrate and the ferrocenyl groups contacting the AFM tip were oxidized.

As a comparative experiment, we also applied the same surface modification on a HDT

SAM. Figures 2(d) and 2(e) show a topographic image and the corresponding surface poten-

tial image of a HDT SAM after the surface modification. The relative humidity during the

modification was also kept at 50 %. No surface potential shift was detected in the regions

modified with negative DC bias voltages (–3.0 to –0.5 V), which must be because the HDT

molecules have no electrochemically active functional groups.

On the other hand, the positively biased (+1.0, +1.5, and +2.0 V) regions of both the

samples showed negative surface potential shifts. Because they were found on both the samples,

we can conclude that they were not due to the electrochemical change of ferrocenyl groups.

One possible reason is the desorption of the molecules. Evans et al. reported that the surface

potential of HDT SAMs was higher than that of Au by approximately 600 mV, which is due to

the electric dipole moment of the adsorbed molecules directing upward from the substrates.18

Considering their result, a lower molecular density of HDT molecules will lead to a lower

surface potential. Although no surface potential difference between 11-FUT SAMs and Au

has been reported to our knowledge, the same discussion may be applicable to the 11-FUT
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SAM. Another possible reason is oxidization of the Au substrate. As we mentioned above,

conductive substrates (metals and semiconductors) can be oxidized by applying a positive DC

bias. Even if the substrates are covered with organic monolayers, they can still be oxidized.19

The surface oxidization will lead to a surface potential shift. In addition, electric charges can

be trapped in the oxides. When a positive DC bias is applied to the substrate with oxides,

negative charges can be trapped in the oxides, and surface potential will shift negatively.20

However, these suggested origins must be accompanied by topographic changes, despite the

fact that no topographic changes were detected in this study. Higher-resolution studies should

be required to elucidate the origins of the negative surface potential shift.

To examine the effects of adsorbed water and oxygen concentration, the same surface

modification was performed on 11-FUT SAMs in air and N2 gas with low humidity. Figures

2(f) and 2(g) show a topographic image and the corresponding surface potential image of

an 11-FUT SAM modified in air at 10 % RH, respectively, and Figs. 3(h) and 3(i) show a

topographic image and the corresponding surface potential image of an 11-FUT SAM modified

in N2 at 10 % RH, respectively. Although both samples showed positive surface potential shifts

in the regions modified with negative DC bias voltages, the shifts were small compared with

that in the 11-FUT SAM modified in air at 50 % RH. Figure 2(j) shows the cross-sectional

plots obtained along the dotted lines indicated as A-B in Fig. 2(c), C-D in Fig. 2(g), and E-F

in Fig. 2(i). Little surface potential shifts were found on the regions modified with smaller

negative bias voltages (–2.0 and –1.5 V) in air and N2 gas at 10 % RH; the SAMs modified in

air at 50 % RH showed a few tens of mV of positive surface potential shift even in the regions

modified with a DC bias voltage of –1.5 V. This result indicates that adsorbed water enhanced

the oxidization of the ferrocenyl groups. On the other hand, the positive surface potential shift

on the SAM modified with –3.0 V in air at 10 % RH was almost equal to that modified in

the N2 gas at the same humidity. That is, no dependence of oxygen concentration on the

surface potential shift was found. He et al. reported current measurements between an AFM

tip and an 11-FUT SAM using contact-mode AFM in organic solvent and showed a negative

differential resistance (NDR), which were discussed from the viewpoint of the electrochemical

activity of the SAMs.7 They reported that no NDR was found when most oxygen was removed,

which did not agree with our study. One possible reason for this difference is the difference

in environment. He et al.’s experiment was performed in an organic solvent while ours was

performed in air or N2 gas with a certain humidity. There is a possibility that the water

meniscus between the tip and the sample in this study contained a small amount of oxygen

even under the N2 gas condition and that it was enough to promote the oxidization.

Figures 3(a) and 3(b) show the topographic image and the corresponding surface potential

image obtained after the surface modification operated with different scan speeds, as schemat-

ically shown in Fig. 3(c). This was performed in air at 50 % RH and the DC bias voltage was

4/8



Jpn. J. Appl. Phys. Regular Paper

kept at –2.0 V. The surface potentials of all the modified regions were increased compared with

the surrounding areas. Figure 3(d) shows the cross-sectional plots obtained along the dotted

line G-H in Fig. 3(b). The surface potential shift was increased as scan speed was decreased.

Therefore, we can conclude that the number of oxidized 11-FUT molecules depends on scan

speed.

To confirm that the surface potential of an 11-FUT SAM can be controlled with reversibil-

ity, a series of surface modifications was performed, as illustrated in Fig. 4(a). First, a 4 ×
4 µm2 square region was scanned with a DC bias voltage of –2.0 V to oxidize the 11-FUT

molecules in the scanned area. Next, the oxidized 11-FUT molecules in the 2 × 2 µm2 square

were reduced by scanning with a DC bias voltage of 0.0 V. Then, the reduced molecules in

the 1 × 1 µm2 square were oxidized again by scanning with a DC bias voltage of –2.0 V.

Finally, the tip returned to the center of the scanned area with a DC bias voltage of 0.0 V.

This modification was performed in air at 50 % RH and the scan speed during the surface

modification was kept at 5 µm/s. Figures 4(b) and 4(c) show the topographic image and

the corresponding surface potential image, respectively, obtained after the modification. The

topographic image showed a few protrusions. However, these protrusions did not correspond

to the shape of the scanned areas and thus it is speculated that they were fabricated by an

abrupt collision of the tip and the sample. On the other hand, the surface potential image

clearly showed the same contrast as the 4th illustration in Fig. 4(a). The respective regions

in the surface potential image correspond to the (1) unscanned, (2) oxidized, (3) reduced, (4)

reoxidized, and (5) rereduced regions. Surface potential was reversibly changed as applied DC

bias voltage was changed, which suggests that the redox states of 11-FUT molecules in the

modified areas were repeatedly manipulated.

4. Conclusions

11-FUT SAMs and a HDT SAM were locally modified by applying DC bias voltages to

the SAMs using AFM, and the surface potential distributions of the modified areas were

investigated by KFM. 11-FUT SAMs showed a positive surface potential shift in negatively

biased areas and a negative surface potential shift on positively biased areas. On the other

hand, no positive surface potential shift was found on a HDT SAM. The surface potential

shift in the 11-FUT SAMs was strongly affected by humidity and scan speed; no effect of oxy-

gen concentration was found. In addition, we successfully demonstrated the surface-potential

reversibility of an 11-FUT SAM. The oxidization of the ferrocenyl groups was suggested as

the origin of the positive surface potential shift.
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Fig. 1 (a) Schematic for explaining redox of a ferrocenyl group. (b) Schematic of a ferro-

cenylthiol SAM on a Au surface.

Fig. 2 (a) Schematic of a surface modification of the SAMs. 9 square regions were scanned by

applying DC bias voltages. (b)-(i) Topographic images [(b), (d), (f), (h)] and the corresponding

surface potential images [(c), (e), (g), (i)] of the SAMs after the surface modification. An 11-

FUT SAM modified in air at 50 % RH [(b), (c)], a HDT SAM modified in air at 50 % RH [(d),

(e)], an 11-FUT SAM modified in air at 10 % RH [(f), (g)], and an 11-FUT SAM modified in

N2 gas at 10 % RH [(h), (i)]. (j) Cross-sectional plots obtained along the broken lines A-B,

C-D, and E-F.

Fig. 3 (a) Topographic image obtained after the surface modification with different scan

speeds. (b) Surface potential image obtained simultaneously with (a). (c) Schematic for ex-

plaining the surface modification of the SAM with different scan speeds. (d) Cross-sectional

plots obtained on the broken line G-H.

Fig. 4 (a) Schematic for explaining the reversible redox change. (b) Topographic image ob-

tained after the reversible redox change. (c) Surface potential image obtained simultaneously

with (b).
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