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T
he electrical and chemical nature of
organic thiol molecules in self-
assembled monolayers (SAMs) on

metal have been studied in relation to ap-
plications of molecular electronics.1,2 To
shed light on the transport mechanisms
through molecules, current�voltage (I�V)
characteristics in molecular junctions
(metal�molecule�metal) have been stud-
ied extensively.1,3�8 In particular, alkanethiol
and alkanedithiol were used as simple
model systems to verify effects such as mo-
lecular length, metal work function, ap-
plied bias, and contact property on elec-
tron transport in molecular junctions based
on SAMs.3,9�11 Alkanethiol (or alkanedithiol)
generally forms a highly packed SAM on
gold at room temperature. The sulfur�gold
binding and the intermolecular interaction
determine the structural phase of the thi-
olate SAMs (i.e., alkanethiol and al-
kanedithiol). These two factors influence
electron transport across the thiolate SAM
via electronic coupling of molecular orbit-
als and gold (through-bond tunneling) and
via intermolecular coupling between neigh-
boring molecules (through-space tunnel-
ing).12 Strong electronic coupling of sulfur
atoms to gold atoms in alkanethiol SAMs
enhances electron transport via through-
bond tunneling.12,13 Furthermore, molecu-
lar tilt in these SAMs enhances the contribu-
tion of through-space tunneling by
intermolecular coupling, and the molecular
conductance across the SAMs decreases
relatively.14 Atomic force microscopy (AFM)
was used to explain relative through-space
tunneling in thiolate SAMs with different
alkyl chains.5 Inconsistent with a small mo-
lecular junction (e.g., scanning probe mi-
croscopy (SPM)-based junctions), however,
conductance across SAM-based molecular
junctions (or molecular nanodevices) hav-

ing a large area junction is strongly influ-
enced by the local molecular environment
induced by neighboring molecules.10 None-
theless, the influence of neighboring mol-
ecules such as intermolecular coupling on
molecular conductance in thiolate SAMs
has not been clearly determined in either
type of molecular junctions (e.g., the influ-
ence of junction area size).

Thiolate SAMs have different structural
phases under given conditions (e.g., heat
treatment during or after
self-assembly).15�17 For example, thermal
diffusion of the surface gold atoms results
in a decrease of the number of gold vacancy
islands (or pits) under a vacuum and a struc-
tural phase transition from high-density
phases to low-density striped phases.17,18

The molecular orientation of the SAMs is
changed with structural phase transition,
and molecular electron transport character-
istics are varied by different intermolecular
coupling induced in each structural phase.
Furthermore, intermolecular coupling
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ABSTRACT We demonstrated structural phase dependency of conductance across thiolate self-assembled

monolayers (SAMs) in different junctions. A structural phase transition from a hexagonal closed phase to a striped

phase in 1-octanethiol (OT) and 1,8-octanedithiol (ODT) SAMs was revealed by high resolution scanning tunneling

microscopy (STM) images. Electron tunneling characteristics were measured through STM-based individual

molecular junctions and micropore-based large molecular junctions. The tunneling barrier height and the

tunneling decay constant of the molecular junctions were used as measures of the intermolecular coupling for

different structural phases of the thiolate SAMs. Electron transport through ODT SAMs was found to be more

sensitive than that through OT SAMs, according to the structural phase transition. These results suggest that (1)

the structural phase transition in the SAM induces a change in the electron tunneling distance through the

pathway of through-bond tunneling and through-space tunneling, leading to a change in the tunneling barrier

of molecular junctions, and (2) integrated intermolecular coupling in a large molecular junction leads to a

significant change of the electron transport between two structural phases.

KEYWORDS: molecular electronics · self-assembled monolayer · structural phase
transition · molecular junction · electron transport
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effects arising in different structural phases on elec-

tronic transport will be significant in a large molecular

junction. However, variation in tunneling characteristics

such as electron tunneling barrier of various molecular

junctions according to different structural phases has

not been addressed, despite that a comprehensive un-

derstanding of structural transition-induced molecular

electron transport is a very important issue in molecu-

lar electronics.

The aim of the present study is to elucidate the rela-

tion between structural phase transition and electron

transport of molecules on monolayers. We demonstrate

structural phase dependency of conductance across thi-

olate SAMs in given molecular junctions (i.e., individual

and large molecular junctions). The molecular electron

tunneling characteristics for each structural phase are

compared with I�V curves obtained via scanning tun-

neling microscopy (STM)-based analyses of individual

molecular junctions and a micropore-based large mo-

lecular junction. The tunneling characteristics (e.g., the

tunneling barrier height and the tunneling decay con-

stant) are verified as a measure of the intermolecular

coupling for different structural phases of the thiolate

SAMs. The differences or similarities observed via the

STM- and micropore-based junctions for phase-

dependent electronic characteristics will provide in-

sight into the effects of intermolecular coupling on tun-

neling characteristics according to a change of mono-

layer phases for monolayer-based molecular electronic

applications.

RESULTS AND DISCUSSION
Structural Phase Transition. 1-Octanethiol (OT) and 1,8-

octanedithiol (ODT) SAMs on Au(111) were prepared
at room temperature, and well-ordered structure
phases were characterized by high-resolution STM im-
ages, as shown in Figure 1A,B. From molecularly re-
solved images (the insets of Figure 1), the measured lat-
tice constants for the phase structure are determined
to be a � 4.9 Å and b � 4.9 Å, and the angle between
lattice vectors is 60°. This results in a (�3 � �3) struc-
ture, (a � �3aAu(111), b � �3aAu(111), where
aAu(111) � 2.89 Å), and a super lattice c(4�3 � 2�3)
structure, (a � 4�3aAu(111), b � 2�3aAu(111)), con-
sistent with well-known ordered phases of n-alkanethiol
in SAMs on Au(111).19,20 These STM images reveal that
ODT molecules assemble in an upright-phase rather
than looped- or flat-phases in the SAMs. The ODT SAMs
have the same ordered structures as OT SAMs on
Au(111), but the monolayer consists of relatively small
molecular domains. Representative unit cells for (�3 �

�3) and c(4�3 � 2�3) structures (hexagonal closed
phases) are depicted in Figure 1C, from which a local
surface coverage of 0.33 ML (monolayer) is defined with
respect to the atomic density of Au(111), correspond-
ing to a local surface concentration of 4.6 � 1014 mol-
ecules cm�2.

To implement the structural phase transition on OT
and ODT SAMs, 1 mM hot OT and ODT solutions were
used. In the solutions, the molecules were constantly
supplied to the surface to reach optimum conditions at
a given temperature, even though desorption of chemi-
sorbed molecules takes place. Following 2 h-annealing
in the solutions at 333 K, the ordered (�3 � �3) and
c(4�3 � 2�3) structures still dominate the OT SAMs,
but disordered and striped domains appear at the
boundaries of the ordered domains and the gold va-
cancy islands (Figure S1, Supporting Information). How-
ever, after 2 h-annealing in the solutions at 343 K, the
structural phase transition is completed, and only a
striped phase is found (Figure 2A,B). This structural
phase transition from a high-density hexagonal closed
phase to a low-density striped phase is consistent with
thermal annealing results obtained for alkanethiol
SAMs on Au(111) under a vacuum.18 In OT SAMs, three
rotational domains of the striped phase are oriented at
120° to each other, reflecting the 3-fold symmetry of
Au(111). From the insets of Figure 2, the measured lat-
tice constants for the phase structure are determined to
be a � 18 Å and b � 4.9 Å and the angle between lat-
tice vectors is 90 � 1°. This results in a (6 � �3) struc-
ture, (a � 6aAu(111), b � �3aAu(111)). A representa-
tive unit cell for the (6 � �3) structure is depicted in
Figure 2C. The molecular row distance of A�C (9.0 Å)
is consistent with the measured distance in the inset im-
age of Figure 2A. Furthermore, as revealed by a cross-
sectional analysis (Figure 2D) of the inset image of Fig-
ure 2B, adsorption sites of the ODT molecules (Figure

Figure 1. (A, B) STM images of 1-octanethiol (OT) and 1,8-octanedithiol
(ODT) SAMs on Au(111), respectively. Image sizes: (A) 15.2 � 15.2 nm2

(inset: 3.3 � 3.3 nm2) and (B) 25 � 25 nm2 (inset: 3.2 � 3.2 nm2). (C) Rep-
resentative unit cells of (�3 � �3) and c(4�3 � 2�3) lattices. Open
circles represent the surface Au atoms and solid circles represent the
sulfur head groups. The SAMs were prepared in a 1 mM solution at
room temperature for 2 h. The images were obtained at a constant tun-
neling current of 20 pA with a tip bias of 1.0 V in a vacuum. The set of ar-
rows indicates the �121� direction of Au(111).
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2E) are different from those of the OT molecules (Fig-
ure 2C). The molecular row distance of A=�C= (10.5 Å)
is nearly the same as the measured distance (10.3 Å) in
the proposed model in Figure 2E. The (6 � �3) struc-
tures have one missing molecular row every four rows
as compared to the (�3 � �3) and c(4�3 � 2�3)
structures. From the proposed unit cells, a local surface
coverage of 0.25 ML for the (6 � �3) structures is de-
fined with respect to the atomic density of Au(111), cor-
responding to a local surface concentration of 3.5 �

1014 molecules cm�2.
STM images and cross-sectional analyses of the im-

ages for the striped phases reveal that OT and ODT mol-
ecules do not lay flat on the surface. Given that the
measured lattice constant (e.g., a � 18 Å) is not consis-
tent with the molecular lengths of OT (11 Å) and ODT
(12.5 Å), it can be concluded that the OT and ODT mol-
ecules in the striped phases will be oriented upright
with a tilt to the surface normal. The molecular orienta-
tion angle is expected to be larger in the striped phases
than in the hexagonal closed phases. Striped molecu-
lar rows in the ODT SAM are kinked over a short dis-
tance (Figure S2, Supporting Information). These struc-
tural differences (e.g., orientation of molecules) will
influence electron tunneling in molecular junctions.

In addition, the structural phase transition-induced
molecular orientation on OT and ODT SAMs was de-
tected by water contact-angle measurements (Table
S1, Supporting Information). Before thermal annealing,
the water contact angle on the OT SAM was relatively
larger than that of the ODT SAM due to the hydropho-
bic outer methyl groups of OT and the hydrophilic outer
thiol groups of ODT. After thermal annealing, however,
the water contact angle on the OT SAM became smaller
due to an increase of the surface hydrophilicity. This in-
dicates outward exposure of methylenes ((CH2)n) of
the alkyl backbone, induced by the structural phase
transition from the hexagonal closed to striped phases.
Contrary to the case of the OT SAM, the exposure of
the methylenes will allow a decrease of the surface hy-
drophilicity of the ODT SAM. Thus, the surface chemical
nature (hydrophobicity or hydrophilicity) confirms that
the OT and ODT molecules will be oriented with a larger
tilt angle in the striped phase than in the hexagonal
closed phase.

Phase-Dependent I�V Characteristics. STM- and SAM-
based molecular junctions have been extensively used
for electronic characterization of molecules.21 The mo-
lecular junctions on thiolate SAMs (e.g., STM tip/alkylth-
iolate/gold substrate and gold top electrode/single
alkylthiolate molecule SAM/gold bottom electrode) are
considered to be a metal�insulator�metal (M�I�M)
junction.6 The Simmons model is the simplest M�I�M
tunneling model and can be applied to describe the
electron transport through a molecular junction with
molecules having HOMO (the highest occupied molec-
ular orbital) and LUMO (the lowest unoccupied molec-

ular orbital) energy levels.6,9,22 According to the Sim-

mons model, tunneling currents through the molecular

barrier in the direct tunneling regime are described by

the following equation:7,23

where

and m is the electron mass, d is the barrier width, �B is

the barrier height, V is the applied bias, 	 is Planck’s

constant, and 
 is an adjustable parameter. The tunnel-

ing decay constant � at zero voltage is determined via

the following equation:7

Figure 2. (A) (50.2 � 50.2 nm2) STM image of a OT SAM on Au(111) (inset:
4.4 � 4.4 nm2). (B) (28.0 � 28.0 nm2) STM image of a ODT SAM on Au(111)
(inset: 4.0 � 4.0 nm2). The SAMs were prepared in a 1 mM solution at room
temperature for 2 h and subsequently immersed at 343 K for 2 h. The im-
ages were obtained at a constant tunneling current of 20 pA with a tip
bias of 1.0 V under a vacuum. (C) A proposed unit cell with a (6 � �3) lat-
tice respective to panel A. Open circles represent the surface Au atoms
and solid circles represent the sulfur head groups. Dotted circles indicate
missing molecules. (D) A line profile of the STM image (B) marked as a
black line in the inset of panel B. (E) A proposed unit cell with a (6 � �3)
lattice respective to panel B. A set of arrows indicates the �121� direction
of Au(111).

I ≈ e

4π2pd2{(ΦB - eV
2 )A

-(ΦB + eV
2 )C }

A ) exp[-2√2m
p

R�(ΦB - eV
2 )d]

C ) exp[-2√2m
p

R�(ΦB + eV
2 )d]
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The electron tunneling rate through the molecular
junction decreases exponentially with an increase of
the molecular length, and the model predicts a de-
crease in the conductance with an increase of �B and
�. Simmons fitting for estimation of the electronic trans-
port properties of the barrier height and the tunneling
decay constant has been reliably used in comparisons
of models with experimental analyses.6,7,9 Thus, in this
work nonlinear least-squares fitting to fit the equation
from the Simmons model to an experimental I�V curve
was performed for different structural phases of each
thiolate SAM.

The contacts in molecular junctions strongly influ-
ence the measured I�V characteristics.2 Thus, a control
experiment was performed (Figure S3, Supporting In-
formation), which revealed that the contacts in the STM
junctions were precisely controlled. In this work, I�V
curves were obtained numerous times on the same in-
dividual molecule after taking a molecularly resolved
image at a tunneling current as low as 20 pA. The STM
tip was positioned on top of the molecules and the I�V

characteristics were measured without tunneling cur-

rent feedback.24 The current feedback was then re-

stored, and tip-scanning continued after the

current�voltage measurement was completed. The

measured I�V curves were reproducible.

After successive high-resolution STM imaging of

the OT and ODT molecules in different structural phases

(Figures 1 and 2) at a tunneling set-point of 20 pA, the

I�V curves in the same molecular junctions were mea-

sured and averaged for the Simmons fits (Figure 3). The

current plots show that tunneling currents through an

STM-based junction in the hexagonal closed phase,

c(4�3 � 2�3) (Figure 3A,B), are slightly larger than

those of the striped (6 � �3) phase (Figure 3C,D) (also

see the measured and calculated I�V curves on a log

scale, Figure S4 in Supporting Information). The molec-

ular lengths used in the fitting are 13.3 and 14.8 Å for OT

and ODT, respectively, including Au-thiol bond

length.7,25 Adjusting two parameters, �B and 
,7 the

Simmons model was fitted to the measured I�V curves

in different structural phases of OT and ODT SAMs (Fig-

ure 3A�D). Curves fitted to the measured I�V curves

were obtained using 
 � 1, a simple rectangular model,

Figure 3. Measured I�V characteristics (a black dotted line) obtained through individual molecular junctions with respect to the struc-
tural phases of OT and ODT SAMs on Au(111) and the calculated I�V curves as solid (� � 1) and dashed lines (� � 1) with the Simmons fit-
ting. The SAMs were prepared (A, B) at room temperature (respective to a c(4�3 � 2�3) phase) and additionally immersed (C, D) at
343 K (respective to a (6 � �3) phase) in a 1 mM solution. Current is plotted against a tip-bias voltage on a linear scale. Measured I�V
curves are the average of 25 independent curves for each SAM. A modified rectangular model (� � 1) is fitted well to the experimental
data (at a bias region of �1.0 V). The inset in panel A is illustration of an STM-based molecular junction.

� ) 2√2m
p

R√ΦB ≈ 1.03R√ΦB
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and 
 � 1, a modified rectangular
model.7,9 The molecular electronic
characteristics through each mono-
layer phase were compared with the
tunneling barrier height (�B) and
the estimated tunneling decay value
(�) from the Simmons fit curves
(Table S2A, Supporting Informa-
tion). The I�V curves were averaged
with 25 independent curves mea-
sured in each molecular junction at
a bias region of �2.0 V. In the appli-
cation of 
 � 1, a simple rectangular
model, the Simmons fit curves for
the thiol molecular junctions were
fitted at only a limited region of �0.5
 V  �0.5. Thus, the curves fitted
with 
 � 1 were not fitted well to the
experimental data as compared
with the curves fitted with 
 � 1
(Figure 3). In the case of 
 � 1, the
average standard deviation of the
current was 0.002879 nA for Figure
3A at a bias region of �1.0 V. A plot
of the current calculated with the
Simmons equation was obtained un-
der 95% confidence. Plots compar-
ing the average current obtained at 0.0  V  �1.0
for junctions with STM (Figure S5 in the Supporting In-
formation, respective to Figure 3A,D) to the current cal-
culated with the Simmons equation imply good agree-
ment of the experimental data with the model. A
nonlinear regression of the current fitting was carried
out, yielding values in excess of 98% (i.e., R-square val-
ues of �0.98) for the fitting parameters (Table S2A, Sup-
porting Information). Therefore, for 
 � 1, the modi-
fied rectangular model was well fitted to the
experimental data.

For the hexagonal closed phase (i.e., c(4�3 � 2�3)
at room temperature) on OT SAMs, the parameters of
the Simmons model (
 � 1) that fit the I�V curves at a
low bias of �1.0 V were found to be �B � 1.49 eV and

 � 0.80, and the � value at zero voltage was estimated
to be 1.00 Å�1 (Figure 3A). Furthermore, �B � 1.69 eV,

 � 0.76, and � � 1.02 Å�1 were obtained by the I�V
curves fitted at a low bias of �1.0 V for the striped
phase (i.e., (6 � �3) at 343 K) on OT SAMs (Figure 3C).
The tunneling barrier in individual OT molecular junc-
tions increased in the striped phase after the phase
transition from the hexagonal closed phase. However,
a combination of �B and 
 yielded a similar � value. The
� values calculated using the Simmons models for
single OT junctions are comparable with results of an
earlier report concerning alkanethiols obtained with
STM (� � 1.20 Å�1).26 Thus, we believe that the goal of
this work to compare the differences in I�V behavior
(e.g., the tunneling barrier and the tunneling decay con-

stant) between the two structural phases can be accom-

plished by application of the Simmons model.

For the c(4�3 � 2�3) and (6 � �3) phases on

ODT SAMs (Figure 3B,D), the Simmons fit I�V curves

(
 � 1) reveal similar electronic characteristics at a low

bias region of �1.0 V. �B � 1.39 eV, 
 � 0.73, and � �

0.89 Å�1 for ODT in the hexagonal closed c(4�3 �

2�3) phase and �B � 1.42 eV, 
 � 0.74, and � � 0.90

Å�1 for ODT in the striped (6 � �3) phase were esti-

mated by Simmons fitting to the measured I�V curves.

The tunneling barrier in individual ODT molecular junc-

tions is not strongly influenced by the phase transition.

On the basis of the results from the STM-based junc-

tion, it is determined that electronic characteristics of

thiolate molecules contribute to intermolecular cou-

pling in monolayer phases. Thus, it is expected that the

multiple intermolecular coupling in thiolate SAMs for a

large area junction will significantly influence electronic

transport.

To examine molecular electron tunneling through

a large junction area according to a change of mono-

layer phases, a micropore-based large molecular

junction was fabricated, as depicted in the inset of

Figure 4 (a vertical structure of Au/PEDOT:PSS/

SAM/Au in a micropore insulated with a silicon ni-

tride layer, see Figure S6, Supporting

Information).27,28 For fabrication of micropore junc-

tions with different phases of thiolate SAMs, a con-

ducting polymer, PEDOT:PSS (poly(3,4-

ethylenedioxythiophene):poly(4-styrenesulfonic

Figure 4. J�V characteristics obtained through micropore junctions (an active area of 0.49
nm2 with a 25 �m diameter) of OT and ODT SAMs prepared in a 1 mM solution at room tem-
perature for 2 h (OT@R and ODT@R) and additionally immersed at 343 K for 2 h (OT@R�343 K
and ODT@R�343 K). Current density is plotted against the applied voltage on a log scale.
The dotted lines represent the fits obtained using the Simmons model. J�V curves are the av-
erage of 20 curves for each SAM. The inset is a side-view of a micropore-based molecular junc-
tion of an alkanethiol SAM using a PEDOT:PSS film.
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acid), was used as a junction contact at the top elec-
trode, preventing the formation of a short circuit be-
tween the bottom and top contacts. The PEDOT:
PSS film has a contact resistance, which results in
an increase of the contact barrier. However, I�V
characteristics for only PEDOT:PSS films show ohmic
conduction, and the thiolate-inserted molecular
M�I�M junctions with the PEDOT:PSS film show re-
producibly discriminated I�V characteristics corre-
sponding to each thiolate SAM.

The Simmons model was fitted to current density
plots versus applied voltage (J�V) (Figure 4). The Sim-
mons fit curves show that the modified rectangular bar-
rier model fits the J�V curves at a low bias region of �0.5
V. Molecular electronic characteristics through each
monolayer phase are compared with the fitting param-
eters (�B and 
) and the estimated � values. The esti-
mated tunneling parameters (Table S2B, Supporting In-
formation) indicate that both the OT and ODT molecular
junctions have a larger tunneling barrier and a higher tun-
neling decay constant in the striped phases than in the
hexagonal closed phases. These results reveal monolayer
phase-dependent tunneling characteristics in a large
junction. For the hexagonal closed phase on OT SAMs
(formed at room temperature), the extracted parameters
of the Simmons model fit to the J�V curves were found
to be �B � 2.52 eV and the � value at zero voltage was es-
timated to be 1.45 Å�1 (the black curve in Figure 4). For
the striped phase on OT SAMs (formed at room tempera-
ture �343 K), �B � 2.82 eV and � � 1.60 Å�1 were ob-
tained by the fitted J�V curves (the red curve in Figure
4). Furthermore, in the case of ODT SAMs, �B � 2.48 eV
and � � 1.36 Å�1 were obtained in the hexagonal closed
phase, and �B � 2.82 eV and � � 1.59 Å�1 were ob-
tained in the striped phase.

The tunneling pathway through an alkanethiol SAM
can be explained in terms of through-bond tunneling
and through-space (or chain-to-chain) tunneling.2,12,14 If
thiolate molecules in a SAM are individually isolated so
as to negate the influence of surrounding molecules,
the isolated single molecules should have the same tun-
neling distance and the tunneling pathway will be
dominated by through-bond tunneling. The missing
molecular lines in the striped phase lead to an increase
in the tilting angle. The molecules in the striped (6 �

�3) phase are expected to be oriented at a tilt angle
larger than �30° with respect to the surface normal in
the hexagonal closed c(4�3 � 2�3) phase. A change
in the tunneling pathway through the molecular junc-
tions may be induced by a tilt of the chains. This may
lead to a change in the tunneling distance through the
molecular junctions, which will affect the tunneling bar-
rier at the contacts. An increase in the molecular tilt
angle in the striped (6 � �3) phase for OT SAMs will in-
duce a decrease in the monolayer thickness, resulting
in an increase in the tunneling distance via the through-
space tunneling (i.e., intermolecular coupling).2 As the

tunneling distance becomes longer, the junction con-

ductance becomes smaller. Thus, the similar � values of

the two phases in the OT and ODT individual molecu-

lar junctions indicate that there are no significant

changes in the tunneling distance.

A tilt of the chains can also affect the junction resis-

tance, resulting in a change of the potential barrier at

the contacts. According to findings reported in the lit-

erature, the junction contact can affect molecules in

molecular junctions, which results in a change in the �

value.2,12 For example, in an alkanedithiol molecular

junction in which the dominant transport pathway will

be through-bond tunneling in an alkanedithiol SAM,

the effects of the chemical contact played an impor-

tant role, resulting in an increase in the junction con-

ductance compared to an instance of physical contact.12

Therefore, the terminal thiol (SH) group of ODT can

play a critical role in the tunneling, possibly resulting

in larger electronic coupling relative to the terminal

methyl (CH3) group of OT at the junction contact with

the STM tip. The tunneling decay constant � of the ODT

molecular junctions is expected to be lower than that

of the OT molecular junctions.

Molecule tilting can induce intermolecular cou-

pling, resulting in a decrease of the through-bond tun-

neling portion in the tunneling pathway. Considering a

change in the monolayer thickness caused by tilting

molecules, through-space tunneling becomes impor-

tant in junction conductance. The tunneling distance in

through-space tunneling, in which electrons pass across

the monolayer by means of intermolecular transfer to

neighboring chains lying in the shortest path for tunnel-

ing, is longer than that in through-bond tunneling, in

which the electrons pass along the backbone of the al-

kane chains. The tunneling decay constant � value is as-

sociated with a change in the tunneling distance com-

bined with the through-bond tunneling and the

through-space tunneling. The � value for through-

space tunneling was found to be higher than that for

through-bond tunneling.2,12,14 For example, Slowinski et

al.14 reported that the � value of through-bond was

0.91 Å�1, whereas that of a through-space was 1.31 Å�1.

Therefore, it is believed that through-space tunneling

is important in monolayer-based junctions. The

monolayer-based tunneling characteristics in the mi-

cropore junction revealed multiple intermolecular

coupling effects on the tunneling distance. In con-

trast to the case of the STM-based molecular indi-

vidual junctions, an increase in the intermolecular

coupling due to the phase transition clearly influ-

ences the tunneling pathway in the large molecular

junctions. Consequently, the values of tunneling

characteristics for the OT and ODT SAMs indicate

that the phase transition from c(4�3 � 2�3) (or

(�3 � �3)) to (6 � �3) leads to a relative decrease

in the through-bond tunneling (even monolayer
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thickness decreases) while the intermolecular cou-
pling increases.

In addition, the current density value through
the hexagonal closed phase on the ODT SAMs is
lower than that through the same phase on the OT
SAMs. The decrease in the current density of the ODT
molecular junction is larger than that of the OT mo-
lecular junction, indicating that electron transport
through ODT SAMs is more sensitive to structural
phase transition than that through OT SAMs. This is
shown in the STM images (Figure S2, Supporting In-
formation) of ODT SAMs compared to OT SAMs. Simi-
lar to the effect of defects in a SAM, numerous small
domain boundaries (in the hexagonal closed phase)
and kinks in molecular rows (in the striped phase)
will lead to a decrease of the current density through
a large molecular junction of ODT SAMs relative to
OT SAMs. Therefore, it is believed that in a large mo-
lecular junction, the structural phase transition in-
duces a decrease of the current density through the
molecular junction by physical defects of the SAMs

and an increase of the contact barrier by the inte-
grated intermolecular coupling.

In summary, the structural phase transition from a
hexagonal closed phase to a striped phase in thiolate
SAMs on gold was characterized by STM imaging and
water contact angle measurements. Variation in elec-
tron tunneling characteristics according to the struc-
tural phase was measured in STM-based individual mo-
lecular junctions and micropore-based large molecular
junctions. The effect of multiple intermolecular cou-
pling on the electronic characteristics of thiolate mol-
ecules in a large area junction clearly appeared with
monolayer phases. The phase transition induces an in-
crease in the tunneling barrier height and the tunneling
decay constant, which indicates an increase in intermo-
lecular coupling between neighboring molecules in
the striped phase or a decrease of monolayer thick-
ness. Our results provide insight into the effect of inter-
molecular coupling on tunneling characteristics accord-
ing to a change of monolayer phases for monolayer-
based molecular electronic applications.

EXPERIMENTAL METHODS
Preparation of Self-Assembled Monolayers on Gold Substrates. Au(111)/

mica substrates (Molecular Imaging) were used for scanning tun-
neling microscopy (STM) measurements. Au(800 Å)/Si(100) sub-
strates were used for contact angle measurements (Surface
Electro Optics, Phoenix-300). The gold substrates were cleaned
with a hot piranha solution (1:3 H2O2 (Junsei) and H2SO4 (Junsei))
(Caution: piranha solution is a very strong oxidant, is extremely
dangerous, and should be handled with great care), washed with
deionized (DI) water (18.2 M� · cm, Millipore) and ethanol (J. T.
Baker), and dried with a N2 stream. The cleaned Au(111)/mica
substrates were annealed by a propane flame prior to use. All
SAMs were formed in 1 mM solutions of 1-octanethiol (Aldrich)
and 1,8-octanedithiol (Aldrich), washed with ethanol and DI wa-
ter thoroughly, and dried with a N2 stream. SAMs on the Au/Si
substrates before and after heat treatment were characterized by
X-ray photoelectron spectroscopy (Figure S7, Supporting Infor-
mation).

Fabrication of Micropore-Based Molecular Junction Devices. (1) Mi-
cropores of 25 �m in diameter with a gold bottom electrode (in-
sulated by a SiNx layer) were fabricated as described in a previ-
ous report.29 (2) Molecular junctions through SAMs on the gold
bottom electrode of the micropores were prepared via the fol-
lowing process: micropores were cleaned by ultrasonication
(Branson) in acetone (J. T. Baker) at 313 K for 20 min, chemically
cleaned with a hot piranha solution, washed with DI water and
ethanol, and then dried with a N2 stream. The preparation of
SAMs on micropores was carried out as described above. All
SAMs on micropores were dried under a vacuum for 2 h at least.
The molecular junctions through the SAMs on micropores were
produced with a spin-coated PEDOT:PSS ((poly(3,4-
ethylenedioxythiophene):poly(4-styrenesulfonic acid), Baytron P
HC V4, H.C. Starck GmbH & Co.) film and an evaporated gold top
electrode (�80 nm thick) (Figure S6, Supporting Information).
The PEDOT:PSS solution was prepared with 5�10% DMSO (J. T.
Baker) and 0.1�0.2% nonionic surfactant (FSO Zonyl 100, Du-
pont) to improve the conductivity and the wettability of the film
to the SAMs. The PEDOT:PSS solution was sonicated for at least
20 min and then filtered with a syringe filter. The spin-coated PE-
DOT:PSS film was dried under a vacuum overnight before evapo-
ration deposition of a gold top electrode.

I�V Measurements. Electrochemical etched Pt/Ir tips (Molecu-
lar Imaging) were used for scanning tunneling microscopy (STM)

measurements (Omicron, VT STM). STM was performed at room
temperature under an ultrahigh vacuum (1.5 � 10�10 torr). I�V
measurements for micropores were performed using a Keithley
4200 analyzer at room temperature.
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