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he realization of practical nanoelec-
Ttronics composed of well-controlled
metal/molecule/metal junctions, which
combine sophisticated functions such as elec-
trical switching, energy conversion, charge
storage, and physical/chemical sensing, has
been one of the goals in recent molecular
science and technology.' 3 The key technol-
ogy toward achieving this end is the con-
trolled assembly of predesigned molecular
building blocks into functional hierarchical
structures on metal surfaces.*> As promising
candidates for the molecular building block,
self-assembled monolayers (SAMs) of alkane-
thiols or their derivatives have been ex-
tensively studied owing to their ease of
preparation®~'® and versatility for function-
alization via modification of the terminal
group.”fm
Despite the diversity of investigated sys-
tems, several fundamental aspects of their
electrical and electronic properties remain
controversial. For example, there is a large
discrepancy between the average tunneling
barrier of a charged carrier, which ranges
from 1.3 to 2.7 eV, extracted from con-
ductivity measurements by making metal/
molecule/metal junctions,’®~'” and the bar-
rier expected from the energy difference
between the Fermilevel (Eg) and the highest
occupied molecular orbital (HOMO) of an
alkanethiolate SAM (~5 eV), as found by ultra-
violet photoelectron spectroscopy (UPS).'® To
the best of our knowledge of the electrical
and electronic properties of alkanethiolate
SAMs on metal surfaces, these properties
should be evaluated together with their
molecular-scale geometry, because there is
a large variety of molecular orientations and
packing structures in the SAMs depending
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The electronic properties of alkanethiol self-assembled monolayers (alkanethiolate SAMs) associated
with their molecular-scale geometry are investigated using scanning tunneling microscopy and
spectroscopy (STM/STS). We have selectively formed the three types of alkanethiolate SAMs with
standing-up, lying-down, and lattice-gas phases by precise thermal annealing of the SAMs which are
conventionally prepared by depositing alkanethiol molecules onto Au(111) surface in solution. The
empty and filled states of each SAM are evaluated over a wide energy range covering 6 eV above/
below the Fermi level (E;) using two types of STS on the basis of tunneling current—voltage and
distance—voltage measurements. Electronic states originating from rigid covalent bonds between
the thiol group and substrate surface are observed near E; in the standing-up and lying-down phases
but not in the lattice-gas phase. These states contribute to electrical conduction in the tunneling
junction at a low bias voltage. At a higher energy, a highly conductive state stemming from the alkyl
chain and an image potential state (IPS) formed in a vacuum gap appear in all phases. The IPS shifts
toward a higher energy through the change in the geometry of the SAM from the standing-up phase
to the lattice-gas phase through the lying-down phase. This is explained by the increasing work
function of alkanethiolate/Au(111) with decreasing density of surface molecules.

KEYWORDS: alkanethiol - self-assembled monolayer - scanning tunneling
microscopy - scanning tunneling spectroscopy - image potential state
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Figure 1. Control of geometry of Cg-SAMs by thermal annealing. (a) STM image (Vi, = 0.9 V and I, = 2 pA) of a
Cs-SAM formed in a solution. (b and c) High-resolution images (Vi = 1.2 V and I; = 5 pA) taken on each domain of the
SAM with /3 x v/3 and C(4\/3 X 2\/3) superstructures, respectively. (d, e, f) STM images (Vyip, = —1.0 V and I, = 5 pA)
taken on the Cg-SAM after annealing in UHV at 70, 120, and 150 °C, respectively. The insets in panels d and e are high-

resolution images.

group, alkyl chain, and end group of alkanethiol
are located at approximately 1—6 eV below/above
Er.?*725 These states are related to the conduction,
injection, and storage of charged carriers in the
SAMs.

In this study, we have investigated the geometric
and electronic structures of alkanethiolate SAMs formed
on Au(111) surfaces at the molecular scale using scan-
ning tunneling microscopy and spectroscopy (STM/
STS). We mainly used SAMs of octanethiol molecules
[CH3(CH,),SH, referred to as Cg molecules hereafter]
as samples (see Experimental Methods), which were
prepared by depositing Cg molecules onto Au(111)
surfaces from the liquid phase. The geometry of each
SAM was controlled from the standing-up phase to
the lattice-gas phase through the lying-down phase
by thermal annealing in an ultrahigh vacuum (UHV).
The electronic states of the Cg-SAMs were evaluated
over a wide energy range covering Er + 6 eV by
employing two types of complementary STS, current—
voltage (/-V) and distance—voltage (z—V) measure-
ments at a constant tunneling distance and current,
respectively. We observed the electronic states derived
from the covalent bonding among the sulfur atom in
the thiol group and the surface gold atoms (Au—S
bond) near Eg in the standing-up and lying-down
phases but not in the lattice-gas phase. Furthermore,
at higher and deeper energies than those in which the
Au—S-derived states appear, in addition to the elec-
tronic states coming from the alkyl chain, empty image
potential states were clearly observed on the SAMs at
an energetic position correlated with the surface mo-
lecular density.
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RESULTS AND DISCUSSION

Figure 1a shows an STM image (50 x 43 nm?) of an
as-prepared Cg-SAM taken in a UHV. The surface is
composed of multiple domains with a size of at most
~20 nm and vacancy islands with a monatomic depth
of Au(111), so-called etch pits.”'%?”% The molecularly
resolved STM image reveals that there are two kinds of
molecular superstructure, (+/3 x +/3)R30°and c(4+/3 x
24/3)R30°, relative to the underlying Au(111)1 x 1
lattice as shown in Figure 1 panels b and ¢, respectively.
Itis widely accepted that they are composed of densely
packed alkanethiolates standing in an upright position
with a tilt angle of ~30° from the surface normal. In the
conventional model, the /3 x +/3 and c(4+/3 x 2+4/3)
structures are formed by the adsorption of individual
alkanethiolates at equivalent and nonequivalent posi-
tions, respectively, such as hollow, bridge, or atop
sites, on the unreconstructed Au(111) surface.® 1192
Recently, more feasible models involving Au adatoms,
vacancies, and/or Au-alkanethiolate complexes have
been proposed for the standing-up phase,®'%2%3°
although no definitive conclusion has been reached. A
tentative model is shown in the Supporting Information.

The geometric structures of alkanethiolate SAMs are
controllable by thermal annealing under UHV. In the
Cg-SAM prepared by our wet processes, the domain of
the c(4+/3 x 2+/3) structure mainly appears with a
surface coverage of ~90%. This tendency becomes
marked after annealing the SAM, as follows. Figure 1
panels d, e, and f show STM images taken on the Cg-
SAM after annealing at 70, 120, and 150 °C, respec-
tively. The Cg-SAM annealed at 70 °C is composed of a
molecularly flat and extremely large domain with a size
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Figure 2. Electronic states of Cg-SAMs evaluated by scanning tunneling /—V spectroscopy. (a, b, ) d//dV spectra taken on
SAMs with standing-up, lying-down, and lattice-gas phases, respectively. (d) d//dV spectrum taken on Au(111) surface after
desorbing Cg molecules by thermal annealing at 550 °C. Each d//dV data point was numerically derived from the respective
tunneling /-V curve obtained by averaging almost three hundred original curves that were measured within the disabled
feedback loop of the STM. The set points of the |-V measurements were Vy;, = 1.0 V and /; = 50 pA (a), Vi = 1.0 Vand /; = 200
pA (b), Viip = 1.2 V and I, = 20 pA (c), and Vyjp, = —1.0 V and /¢ = 50 pA (d).

of at least 100 nm as shown in Figure 1d. The observed
annihilation of etch pits from the alkanethiolate SAMs
agrees with the previous reports; the etch pits in SAMs
on Au(111) coalesce to form large vacancy islands or
migrate into preexisting substrate steps upon thermal
annealing.?”?® The created large domain is homoge-
neous with a well-ordered molecular arrangement of
the c(44/3 x 2+4/3) structure as shown in the high-
resolution image (inset in Figure 1d). After annealing at
a higher temperature (120 °C), a widely spaced stripe
structure is formed as shown in Figure 1e. Each stripe
consists of protrusions arranged along the [112] direc-
tion with a periodicity of v/3ao (0.499 nm), where aq is
the interatomic distance on the Au(111) surface, as
shown in the magnified image (inset in Figure 1e). It
has been reported that an alkanethiolate SAM with a
stripe structure is composed of flat lying-down adsor-
bates under the condition of a lower molecular cover-
age than that of the standing-up phase.”~'%%22® This
suggests that the transition from the standing-up phase
to the lying-down phase occurs via partial molecular
desorption during thermal annealing at 120 °C. This is
supported by the results of previous thermal desorption
spectroscopy (TDS) which revealed that the alkanethio-
late molecules in SAMs with the standing-up phase
partially desorb from the Au(111) surface at 108—
120 °C.3"32 |n addition, most of the surface is covered
with a two-dimensional molecular lattice-gas phase
after annealing at 150 °C, as shown in Figure 1f. In the
lattice-gas phase, molecules on the Au(111) surface are
rapidly hopping at the time scale of the STM scan owing
to a lack of intermolecular interaction,**** indicating
that the density of molecules on the surface is decreased
by further annealing. The possible chemical species
composing the lattice-gas phase are discussed later.

NAKAYA ET AL.

The electronic structures of each phase are evalu-
ated on the basis of STS. Figure 2 panels a and b show
dl/dV spectra taken on the Cg-SAMs with the standing-
up and lying-down phases, respectively. Each di/dV
datum was numerically differentiated from averaged
tunneling /—V curves which were measured on each
SAM while keeping the tip height constant with the
STM feedback loop disabled. The dl/dV spectra at
negative and positive tip bias voltages (V) probe
the empty and filled states of the sample, respectively.
Note that all the STS spectra of the SAM with the
standing-up phase were taken on the domains with
the c(44/3 x 24/3) structure. The two di/dV peaks at
approximately —1.4 V and +1.3 V are reproducibly
observed in both Cg-SAMs as shown in Figure 2a,b. In
contrast, these peaks do not appear in the spectra
taken on the SAM with the lattice-gas phase (Figure 2c)
and the Au(111) surface after removal of the molecules
by thermal annealing at 550 °C (Figure 2d). This implies
that the observed di/dV peaks originate from the
electronic states of Cg molecules rigidly adsorbed on
the substrate surface. In addition, the electronic states
appear within the range of —1.0 to +1.0 V on the lying-
down phase but not on the standing-up phase as
shown in Figure 2a,b. Since similar electronic states
are observed on the bare Au(111) substrate, as shown
in Figure 2d, we think that electron tunneling between
the STM tip and the substrate occurs across the SAM
with the lying-down phase owing to its small thickness
compared with that of the standing-up phase. In other
words, the alkyl chain and end group make a smaller
contribution to the electron tunneling at low bias
voltages.

In previous photoemission electron spectroscopy
(PES) studies on alkanethiolate SAMs, no noteworthy
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electronic states were observed in the energy range
within Eg £ 3 eV,'®33 because alkane molecules have a
large energy gap between the HOMO and lowest
unoccupied molecular orbital (LUMO) of about 7—
12 eV.2*3473 |n UPS measurements on alkanethiolate
SAMs with short alkyl chains, small shoulder-like fea-
tures were recognized at approximately 1.4 eV below
Er and were attributed to Au—S bonds localized at the
molecule—substrate interface.'® Although little atten-
tion has been given to this localized state from the
viewpoint of electrical conduction through the mole-
cule, our result clearly indicates that this state plays a
significant role in electron conduction at low bias
voltages, and is in good agreement with the average
tunneling barrier height extracted from [—V mea-
surement.”> "7 Interestingly, the electronic states dis-
cussed here are not observed in the lattice-gas phase
as mentioned above. This suggests that a rigid chemi-
cal bond is not formed between the thiol terminal and
the Au(111) surface in the lattice-gas phase.

Although the chemical species composing the
lattice-gas phase are still controversial, our STM observa-
tion indicates that the diffusing species in the lattice-
gas phase maintain the moieties of the original alka-
nethiolates such as the end group, alkyl chain, and
sulfur atom (see Supporting Information). One of the
possible candidates are dimers of alkanethiolates
[CH3(CH;);S—S(CH,),CHs] formed after the breaking
of Au—S bonds. These dimers would weakly interact
with the Au(111) surface and diffuse on the surface
without forming Au—S bonds. On the other hand,
there is a possibility that the lattice-gas phase is com-
posed of individual alkanethiolates [CH3(CH,),;S—1, be-
cause previous theoretical studies have revealed that
the energy barrier for the diffusion of isolated alka-
nethiolates on a Au(111) surface is sufficiently small to
allow their diffusion at room temperature (RT).3”% In
this case, since the formation and cleavage of chemical
bonds between the diffused species and the substrate
surface frequently occur, it would be difficult to clearly
detect the electronic states derived from the Au—S
bonds in STS measurements. Detailed identification of
the molecular species in the lattice-gas phase and the
clarification of their electronic structure are expected
to be possible by performing STM/STS experiments ata
low temperature to suppress molecular diffusion.

We also evaluate the electronic states at higher and
deeper energies than those in which the Au—S-derived
states appear. Note that reliable tunneling /—V spec-
troscopy has seldom been achieved under a bias voltage
larger than ~3 V at RT because of the destruction of the
tip apex and/or the SAMs induced by the large increases
in the electric field and current density in the tunneling
junction. To overcome these difficulties, we carried out
tunneling z—V spectroscopy, in which the change in the
tip height is measured during voltage sweeps while
maintaining a constant tunneling current (,).3%4° In this
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Figure 3. Electronic states of Cg-SAMs evaluated by scan-
ning tunneling z—V spectroscopy. (a and b) Series of 10 z—V
curves continuously taken at different positions on the SAM
with the standing-up phase to evaluate its filled and empty
states, respectively. The tunneling current was kept to
constant values of /; = 5 pA and 2 pA while obtaining spectra
a and b, respectively. (c) dz/dV spectra showing filled and
empty states of the Cg-SAM, which were obtained by
numerically deriving the averaged z—V curves in panels a
and b, respectively. The inset in panel c shows dz/dV spectra
of the SAM taken under the feedback conditions of [, =50 pA
(upper) and 2 pA (lower).

spectroscopy, the STM tip retracts away from the
sample surface when the bias voltage is increased
owing to the feedback of the constant /.. When the
bias voltage is scanned through the electronic states of
the sample, the tip retraction drastically increases,
resulting in a step-shaped feature appearing in the
measured z—V curve. This method enables us to per-
form tunneling spectroscopy at larger bias voltages
with little risk of destruction of the tip apex and sample,
because the increases in the electric field and current
density in the tunneling junction are moderated by
setting the current set point as small as possible. Note
that the sensitivity of tunneling z—V spectroscopy
under the suppressed current set point is low com-
pared with that of the conventional /—V spectroscopy,
although a major advantage of tunneling z—V spec-
troscopy is a wider accessible bias range, particularly
for delicate samples.

Figure 3 panels a and b show z—V curves measured
on the standing-up phase of the Cg-SAM by sweeping
Viip from +1.3 to +6.0 V at an /; of 5 pA and from —1.2
to —6 V at an I, of 2 pA, respectively. Each series of 10
z—V curves was continuously acquired at different
positions on the surface by interrupting an image scan.
Stepwise retractions of the STM tip reproducibly ap-
pear at the same voltages. This indicates that resonant
tunneling through the electronic states of the SAM
occurs at these voltages. The energetic positions of the
electronic states are more clearly recognized in the
dz/dV plots (Figure 3c), which were obtained by numeri-
cally differentiating the z—V curve formed by averaging
the 10 curves shown in Figure 3a,b. In the empty states, a
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single dz/dV peak with a high intensity is observed at
—4.5 V, while two weak peaks appear at +2.9 V and
+4.3 Vin the filled-state spectrum.

Regarding the filled states of alkanethiols bound
with a gold surface, density functional calculations
have revealed that the delocalized state along the alkyl
chain appear at 3—4 eV below E¢, which is directly
related to the HOMO of the pure alkane.?® These states
are expected to be the main conductance channels
through the molecule at higher voltages, and can be
detected by z—V spectroscopy as demonstrated in the
present study. On the other hand, the Au—S-derived
states observed at £ + ~1.5 eV cannot be recognized
in the dz/dV spectra, as shown in Figure 3¢, since they
are localized at the buried interface and contribute less
to the tunneling conductance than the alkyl-chain-
derived states.

Turning to the empty state, one can clearly observe a
sharp dz/dV peak at —4.5 V. Its significantly high
intensity implies that it is considerably different from
the filled-state peaks in its essential characteristic. A
possible candidate for this peak is the first (n = 1) image
potential state (IPS). The IPS comprises the hydrogenic
series of electronic states formed by the image charges
of electrons existed on the solid surface.® The IPSs
appear at an energy of at most ~0.85 eV below the
vacuum level and can be easily accessed by STS
because they have a maximum probability density in
the vacuum gap.*"*? In previous two-photon photo-
emission experiments, the first IPSs formed on alkane-
thiolate SAMs were observed at 3.7—4.2 eV above
E:3*4% In the STS experiment, since the strong
electric field beneath the STM tip distorts the Coulomb
potential formed in the tunneling gap by image
charges, the energy levels of IPSs shift to higher than
that of the zero field, which is called the Stark shift.>**'
We investigated the effect of the electric field on the
observed dz/dV peak by changing the set point of /..
The inset in Figure 3¢ shows two dz/dV spectra taken
under the set points of I, = 50 pA (upper) and I, = 2 pA
(lower), namely, the upper spectrum was taken under a
larger electric field in the tunneling gap than the lower
spectrum. The energetic position of the dz/dV peak
certainly shifts toward a higher energy upon increasing
the magnitude of the electric field, as expected. There-
fore, the observed empty state can be safely attributed
to the Stark-shifted first IPS.

We also investigated the IPSs formed on other
phases of the Cg-SAM. Figure 4a,b, and 4c show typical
empty-state dz/dV spectra taken on SAMs with the
standing-up, lying-down, and lattice-gas phases, re-
spectively. The typical spectrum of each SAM was
determined on the basis of statistical analysis using
more than two thousand z—V curves. The strong peak
at —4.5 V in the dz/dV spectrum of the standing-up
SAM (Figure 4a) is considered to originate from the first
IPS, as mentioned above, whereas the spectra taken on
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Figure 4. Empty-state dz/dV spectra taken on the Cg-SAMs
with (a) standing-up, (b) lying-down, and (c) lattice-gas
phases. During z—V measurements, the tunneling current
was kept constant at /; = 2 pA, 4 pA, and 5 pA while
obtaining spectra a, b, and ¢, respectively.

the lying-down and lattice-gas phases show peaks at
larger bias voltages of —4.6 and —4.9 V as shown in
Figure 4b,c, respectively. These spectra are obviously
different from that of the first IPS taken on a clean
Au(111) surface, in which a broad dz/dV peak appears
at ~5.5 eV above E;,*° indicating that the observed
dz/dV peaks certainly originate from the Cg-SAMs. In
contrast to the Au—S-derived states near Er shown in
Figure 2, the IPS is observed not only on the standing-
up and lying-down phases but also on the lattice-gas
phase. This is consistent with the fact that the IPSs are
formed on flat surfaces regardless of the formation of
chemical bonds between the adsorbates and sub-
strate, because the IPS arises from the Coulomb inter-
action between electrons on the surface and its
positive image charges formed by the polarization of
the nearby conduction band electrons 34142

As can be seen from Figure 4, the energetic position
of the IPS is slightly different between each phase of
the SAM. Since IPSs are pinned to the vacuum level of
the substrate, their energetic positions are sensitive to
changes in the work function of the surface. It has been
reported that the work function of a bare Au(111)
surface (5.55 eV) is decreased by forming hexanethiol
SAMs with lying-down (4.6 eV) and standing-up (4.3 eV)
phases,** which is consistent with the energetic shift of
the IPS observed in the present study. When organic
molecules are adsorbed on solid surfaces, it is known
that the induced dipole moment in the adsorbates
generally lowers the work function of the surface,
which is enhanced by increasing the density of the
adsorbates.”® In the present case, each phase of the
SAM has a different molecular density because it was
formed via molecule desorption by thermal annealing.
Therefore, the observed upward energy shift of the IPS
upon changing the geometry from the standing-up
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phase to the lattice-gas phase through the lying-down
phase can be attributed to the change in the surface
potential energy which is correlated with the restora-
tion of the work function of the Au(111) surface.

CONCLUSIONS

The electronic structures of alkanethiolate SAMs
composed of wide domains with standing-up, lying-
down, and lattice-gas phases were precisely investigated

EXPERIMENTAL METHODS

SAMs of octanethiol [CH3(CH),SH] were formed from liquid
phases onto single-crystal Au(111) substrates. The substrates
were cleaned by repeated cycles of sputtering with 0.6 keV Ar™
ions followed by annealing at 450 °C in a UHV prior to the
formation of SAMs. The alkanethiolate SAMs were prepared by
dipping the substrate into ethanol solution including alka-
nethiol molecules with a concentration of 12.5 mM at RT for
20 h. The dipped substrate was rinsed thoroughly with ethanol
and dried in air at atmospheric pressure. All STM/STS experi-
ments were performed at RT in a custom-built UHV chamber
with a base pressure lower than 1.0 x 1078 Pa, which houses a
commercial STM unit (Omicron VT-AFM-XA50/500). We used
electrochemically etched W wires for the STM/STS probe. STM
images were analyzed using WSxM.*
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