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Surface potential and growth processes of hexadecanethiol (HDT) self-assembled monolayers (SAMs) on Au(111) 
surfaces were examined by Kelvin probe method and scanning tunneling microscopy. It was found that surface 
potential strongly depends on surface structure of HDT SAMs. The surface potential shift for the striped phase of 
HDT SAMs chemisorbed on Au(111) surface was +0.45 eV, which was nearly the same as that of the flat-lying 
hexadecane layer physisorbed on Au(111) surface. This result indicates that the interfacial dipole layer induced by 
adsorption of alkyl chains is a main contributor to the surface potential change. In the densely-packed HDT 
monolayer, further change of the surface potential was observed, suggesting that the dipole moment of the 
alkanethiol molecules is an origin of the surface potential change. These results indicate that the work function of a 
metal electrode can be modified by controlling the molecular orientation of an adsorbed molecule.
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Introduction

A change in the work function of an organic layer on metal 
surfaces is typically observed, which is considered to be due 
to the formation of an interfacial dipole layer at or near the 
interface from a charge transfer reaction, image-force effect, 

1.2 and/or rearrangement of the electrons on the metal surface., 

In addition to these factors, the orientation of the polar organic 
molecules is expected to induce the polarization in the film, 
further contributing to the work function change.3

Self-assembled monolayers (SAMs) on metal surfaces have 
attracted much attention not only because of their potential 
use in molecular electronic devices but also for modifying the 
surface properties of metal electrodes. It is expected that 
dipole-aligned SAMs can be fabricated from molecules 
containing a polar functional group, resulting in a surface 
potential change or work function change. Indeed, control of 
the work function of a metal electrode by SAM formation is 
one of the key issues necessary to improve the carrier injec
tion in organic electronic devices.4-19 Previous studies have 
investigated surface potential of organic SAMs,4-13 and the 
observed surface potential change was explained as the ali
gning the dipole moment of the molecule and/or the charge 
transfer in the S-Au bond.

Conversely, surface potential value should vary with the 
molecular orientation. Indeed, it was recently found that the 
surface potential depends upon the molecular orientation in 
the SAM. Howell et al. measured the surface potential of 
n-conjugated molecules and found that there is a slight change 
in surface potential of a xylyldithiol monolayer possessing a 
lying orientation.9 Further, Ichii et al. reported that the surface 
potential of the standing 1-dodecanethiol is 100-150 mV higher 
than that of the lying l,10-dodecanedithiol.10 In both cases, the 

surface potential decreases for molecules in lying orientation 
compared to those in a standing orientation, as the directions 
of the dipole moments in such molecules lie along the mole
cular axis.

To more clearly elucidate the effect of molecular dipole 
moments on modification of the surface potential, it is essential 
to measure the surface potential of other molecular systems 
with a different adsorption configuration on their surface. In 
this study, we investigated the relationship between surface 
potential change and the adsorption configuration of n-hexa- 
decanethiol (HDT, CH3(CH2)15SH) during SAM formation 
using a Kelvin probe method and scanning tunneling 
microscopy (STM), respectively. On the basis of nanometer
scale STM observation, we compared the surface potential of 
the striped phase, in which the molecular axis is oriented 
parallel to the surface with that of the standing-up phase 
where the molecular axis is oriented vertical to the surface. In 
addition, to examine the effect of the biding condition of 
molecules on surface potential, we compared the surface 
potential measured from the striped phase of HDT SAMs 
chemisorbed on a Au( 111) surface with that measured from a 
n-hexadecane (HD, CH3(CH2)14CH3) physisorbed on a Au- 
(111) surface. Although the alkyl chains are in a flat-lying 
orientation for both systems, the interactions between the 
molecules and the Au surface are different.

Experimental Section

HDT was purchased from TCI, and used without further 
purification. Au(111) surfaces were prepared by vacuum 
deposition of Au on cleaved mica plates, as the same procedure 
in the previous paper.20 HDT SAMs were prepared by immer
sion of the Au surface into the 1 卩M or 10 卩M ethanolic
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Figure 1. STM images showing the growth process of HDT SAMs on Au(111) after immersion of Au(111) surfaces in a 1 卩M solution as a 
function of immersion time: (a) 1 min, (b) 5 min, (c) 10 min, (d) 30 min, and (e) 24 h. The scan size of all STM images is 120 nm 乂 120 nm.

solution of HDT. After immersion, the samples were rinsed by 
pure solvent to remove the physisorbed molecules. HD sample 
was prepared by placing a droplet of the neat HD on the 
Au(111) surface. Although it was not a monolayer film, the 
surface potential change was considered to originate primarily 
from the interface between the 1st layer of HD and Au, as will 
be discussed later.

Nanometer-scale growth processes of the HDT SAMs were 
investigated using STM (Nanoscope E, Vfeeco) in the air. 
Surface potential was determined with a Kelvin probe system 
(KP-6500, McAllister Inc.) under the ultrahigh vacuum con
dition (on the order of 10-7 Pa). After preparation of SAMs in 
the air, the sample was introduced to the vacuum chamber. A 
stainless steal plate with a diameter of 4 mm was used as the 
reference electrode, the work function of which was not 
determined. As a result, we could only determine the contact 
potential difference between the two electrodes, or surface 
potential change relative to the reference electrode. In this 
paper, we took the surface potential change relative to the bare 
Au(111) surface, corresponding to the work function change 
by adsorption of the molecules. A positive shift of the surface 
potential means that the surface side becomes positive com
pared to the bare Au surface, indicating a decrease in the work 
function.

Results and Discussion

Control of the adsorption configuration of organic SAMs 
on gold is a major issue for their technological applications, 
because the surface properties of SAMs can be easily tuned by 
the molecular orientation of adsorbed molecules. To date, the 
growth mechanism of alkanethiol SAMs on gold has been 
thoroughly studied with both ex situ and in situ measurements. 
In particular, the STM studies have revealed the molecular- 
scale growth processes of various alkanethiol SAMs with 
different alkyl chain lengths prepared.20-24 To understand the 
relationship between the adsorption configuration of SAMs 
and surface potential, we optimized the experimental condi
tions to obtain the desired adsorption structure of SAMs by 
changing the immersion time of Au(111) surfaces in a 1 卩M 
HDT solution. We successfully observed phase transitions of 
HDT SAMs from the gas phase to the standing-up phase via 
the striped phase with increasing surface coverage. The STM 
images in Figure 1 show phase transitions of HDT SAMs on 
Au(111) as a function of immersion time. After immersion for 
1 min, the STM image in Figure 1a shows aggregations of
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Figure 2. Schematic illustration of the growth process of HDT SAM 
on Au(111).

molecules, which can be often observed at the very initial 
growth stage of SAMs with a very low surface coverage (gas 
phase or liquid phase). Partially covered striped phases were 
then newly observed from the SAM sample obtained after 
immersion for 5 min, as shown in Figure 1b. With a longer 
immersion time of 10 min, the STM image clearly revealed 
fully covered striped phases as shown in Figure 1c. The 
periodicity of the striped phases was measured as approxi
mately 2.4 nm, which corresponds to the length of HDT 
molecules, implying that the striped phases A (shown in 
Figure 1c) were formed as a result of their head-to-tail mole
cular orientation on the gold surface. In addition, the periodi
city of the striped phases B was measured as approximately 
4.2 nm, which is slightly smaller than the length of two HDT 
molecules. We therefore assumed that the striped phases B 
were formed as a result of head-to-head molecular orientation 
on a gold surface. Although striped phases are still present on 
the surface after immersion for 30 min, vacancy islands (VIs, 
dark holes) were newly observed as a result of chemisorption 
of thiol molecules and crystallization of SAMs (Figure 1d). 
After immersion for 24 h, HDT molecules formed closely 
packed SAMs (standing-up phase) containing the ordered 
structure, domain boundaries, and many VIs, as observed 
from various alkanethiol SAMs (Figure 1e).22,23,25 Quite 
Recently, infrared spectroscopic ellipsometry measurements 
revealed that the average tilt angle of alkyl chain for closely 
packed HDT SAMs on gold is about 22° from the surface 
normal.26 Based on our STM results, we developed a schematic 
view showing the growth of HDT SAMs from the gas phase to
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Figure 3. Surface potential change as a function of growth of HDT 
SAMs on Au( 111) prepared in a 1 or 10 卩M solution. The abscissa is 
the immersion time of the Au surface in the ethanol solution. The 
surface potential values were taken relative to the value of the bare 
Au( 111) surface. The dashed line shows the surface potential change 
for the striped phase of HD SAMs physisorbed on Au(111).

the standing-up phase via the striped phase on Au(111), as 
shown in Figure 2. On the other hand, the several intermediate 
phases have also been often observed during the phase transi
tions from the striped phase to standing-up phase.22

Figure 3 shows surface potential change following adsorp
tion of HDT SAM prepared under various conditions (immer
sion times and concentrations). The abscissa is the immersion 
time of the Au surface in the ethanol solution. When the Au 
surface was immersed in the more concentrated 10 gM solu
tion, the surface potential immediately changed, reaching a 
constant value of +0.92 士 0.1 eV after 10 minute immersion. 
Many defects sites were also observed with the STM imaging 
as demonstrated in Figure 1d, signifying the formation of a 
standing-up phase. Therefore, the obtained value corresponds 
to the surface potential of the standing-up phase of the HDT.

The direction of the shift was the positive, which is consis
tent with previous studies,4,9 although we were unable to 
directly compare our results with the reported values due to 
the use of a different reference. The observed positive shift 
originates from the alignment of the dipole moment of the 
alkanethiol.4,7,9,13 The S-Au chemical bond at the interface is 
considered to induce a negative shift, when an ionic bonding 
of the S--Au+ is assumed.4 Recent theoretical calculations 
have suggested that there is no charge transfer between the Au 
and the S atoms.13 Thus, while the contribution of the S-Au 
chemical bond to the surface potential change can not be 
quantitatively estimated from our result, it should be small 
compared to that of the dipole moment of the alkyl thiolate.

In contrast, an intermediate state was found for the SAM 
prepared with the immersion in the 1 卩M solution, although 
the total amount of the change after 24 hour immersion was 
similar to the case of the 10 卩M solution. Within the range of 
30 minutes to 60 minutes, the work function change remained 
constant at +0.45 士 0.1 eV The STM image in Figure 1c 
shows that the striped phase of the HDT molecules was the 
dominant form at a 30 minute immersion time. Therefore, this 
surface potential change was caused by the adsorption of the

Figune 4. High-resolution STM image showing the striped phase of 
HD SAMs physisorbed on Au( 111). The scan size of the STM image 
is 20 nm x 20 nm.

HDT molecules in the lying orientation.
The dipole moments of the molecules are considered to be 

lying down in the striped phase, suggesting that their align
ments are not the origin of the potential change. The HDT 
molecule has 16 carbon atoms and only one S atom, and the 
area occupied by the S atom on the Au surface is considerably 
smaller compared to that of the alkyl chain in the striped 
phase. Thus, the contribution of the S-Au bond formation, if it 
even exists, is negligibly small in the lying orientation, 
suggesting that the surface potential change in the striped 
phase results from the formation of the interfacial dipole layer 
of the physisorbed alkyl chain.

It is generally accepted that the work function can be 
changed by the physisorption of atoms or molecules on the 
metal surface.1,27-30 For instance, the work function change in 
the n-tetratetracontane (TTC:小。44&) monolayer on a clean 
Au surface is approxymately 0.7 eV,28 where the TTC mole
cules are physisorbed on the Au surface in the lying orientation, 
which was also the case of the striped phase in the alkanethiol 
SAM. The origin of this shift is the dipole layer formation at 
the interface between the alkane monolayer and the Au surface. 
Further, while the sign of the shift in our experiments is the 
same, our value is smaller than that reported for TTC. An 
explanation for this difference may be found in the handling 
of the Au surface, which was exposed in air before surface 
potential measurement, causing contamination. Such conta
mination may indicate the decrease in the work function com
pared to that of the clean Au surface prepared in the ultra-high 
vacuum. Thus, the small work function of the surface likely 
leads to the decrease in the surface potential change.

To examine the surface potential change due to the adsorp
tion of alkyl chains, we measured the surface potential of 
alkane molecules physisorbed on a Au(111) surface. The 
molecular-scale STM image in Figure 4 clearly revealed that 
HD molecules form SAMs containing a striped phase in 
which the alkyl chain of HD molecules are oriented parallel to 
the Au(111) surface. The molecular orientation of HD mole
cules in the striped phase was largely influenced by the 
herring-born structure of Au(111); further structural details 
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for the HD monolayers have been previously described.31 
From the view point of adsorption configuration, the striped 
phase of HD molecules physisorbed on Au(111) was identical 
with that of HDT molecules chemisorbed on Au(111).

It was suggested that contribution of the surface potential 
change results from the interface between the SAMs and the 
Au substrate. The surface potential change by adsorbing HD 
molecules on the Au(111) was measured to be +0.45 eV, as 
shown as the dotted line in Figure 3. The observed surface 
potential value was the same as that of the striped phase of 
HDT SAMs. This results strongly implies that the presence of 
the S-Au chemical bond in HDT SAMs on Au(111) does not 
significantly affect the change in surface potential. Therefore, 
it is reasonable to conclude that the surface potential change 
of the striped phase is mainly due to the formation of an 
interfacial dipole layer, and not the bond formation between 
the molecules and the Au surface.

Conclusion

We monitored the surface potential change of Au(111) 
surface in the process of SAM formation by HDT. By com
bining our STM observations, we found a relationship between 
the surface potential change and the molecular orientation of 
the alkanethiol SAMs. The surface potential of the striped 
phase of the alkanethiol SAM on the Au(111) surface was 
determined using Kelvin probe method. The obtained value 
was between those of the bare Au(111) surface and the 
standing-up phase of the SAMs, indicating that the change of 
the molecular orientation in the SAMs was responsible for the 
work function change. Based on the comparison of the surface 
potential of the HD on the Au(111) substrate, we suggest that 
the origin of the surface potential change in the striped-phase 
is due to formation of a dipole layer at the interface between 
the lying alkyl chain and the Au(111) surface.
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