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Key Sentence :

1. Investigate electronic properties of materials at nano-scale
2. Explore single molecule chemistry

3. Develop local spectroscopy of biomolecular systems

Key Word :
Scanning probe microscopy, single-molecule chemistry, surface and interface, ultrathin metal oxide
films, energy conversion, nanocarbon materials, molecular assembly

Purpose of Research :

Our research focuses on describing details of the energy transport and conversion at solid surfaces and
interfaces in the nanoscale regime. In order to understand their basic mechanisms at the individual
molecule/atom level, we carry out combined study of density functional theory calculation and scanning
tunneling microscopy (STM) on the well-defined solid surfaces under ultra-high vacuum conditions.
Part of our research is directed toward investigation of single-molecule chemistry by the use of
vibrational and electronic quantum states on metal or metal oxide thin-film surfaces. Another
important part of our research focuses on self-assembled organic thin films aiming at understanding
their microscopic structure and electronic properties, and their use as templates for the development of
molecular-based functional materials. In addition, we have also started working on photon detection
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from a single molecule and on atomic scale investigation of energy conversion between electrons and
photons of nanometer scale materials.

1. Single molecule chemistry at the solid surfaces

@ Energy dissipation process of vibrationally excited CO molecules on metal and ultrathin metal

oxide film surface (Junepyo Oh, Yousoo Kim)

Vibration-mediated molecular dynamic behaviors on solid surface, involving molecular motion and
reaction, has been extensively studied. It is also related to the surface chemical reactivity because the
vibrational excitation and relaxation process of adsorbate is one of the important fundamental step of
the surface chemical reactions. In the previous work, we investigated the lateral hopping mechanism of
individual CO molecules adsorbed on Ag (110) surface using STM-AS method. We found that lateral
hopping motion of a CO can be induced not only by the excitation of v(C-O) mode but also by vibrational
excitations of several overtone modes of v(M-C), especially including higher overtone modes. To the
best of our knowledge, this is the first observation on the molecular motion induced by vibrational
excitations of multiple overtone modes. In the current work, we focus on the surface dynamics
mechanism of CO molecule on insulating metal oxide film, MgO grown on Ag (100), induced by
inelastically tunneled electrons. It is well known that due to the decoupling allowed by the insulating
effect, the lifetime of an electron in the molecular resonant state is expected to be relatively long, thus
the IET process should be much more efficient on an insulating film than on metal surfaces.

@ Electron Tunneling through rigid molecular wire anchored between nanogap electrodes and on
metal surface (Chun Ouyang, Hiroshi Imada, Yousoo Kim)

We investigated several fundamental properties of CO on Au(111) by STM and STS. STM image
revealed that the CO on Au(111) exhibited on-top site adsorption and even with low bias voltage (<50
mV), hopping behavior has been observed. Such low bias voltage suggested the possible
multiple-overtone excitation of metal-molecule stretching mode (M-mode) as it is observed on Ag(110)
surface in our previous study. STM-IETS revealed lower vibration energies of ~bmeV and ~30meV,
which can be assigned to either M-mode or hindered translational/rotational (T-/R-) mode. Since the
hopping is observed even with a 20 mV with a high current ~5nA, there is a possibility to induce the
hopping of CO for the first time originated by T-/R- mode excitations. We have synthesized
HS-COPV2-SH and HS-COPVs-SH wires with different length, which are chosen and introduced into
electroless Au plated nanogap electrodes studied by low-temperature probe and onto metal surface
measured by STM. We have established the fabrication process of stable nanogap electrodes by
combining top-down process of electron-beam lithography and bottom-up process of electroless-Au
plating (ELGP), in which the gap separation can be controlled at nearly 3.0 nm in this experiments
with the yield of 90% due to a self-terminating mechanism of ELGP. The target molecular wires were
introduced between Au electrodes and measured by low-temperature probe system. The temperature of
the system is 9 K and pressure is controlled 105 Pa. We introduced HS-COPV2-SH molecular wires and
CsS mix SAM onto Au(111) surface, and scanned the surface in 3.0x108 Pa condition with temperature
of nearly 70 K. In order to obtain higher resolution images and scanning tunneling luminescence
spectra, the HS-COPVs-SH molecular wires were chosen and introduced onto Ag(111) surface. What's
more, we also work on lower temperature and magnetic field influence on nanogap device, the results
are under discussion.

@ Surface supermolecular structure and electronic structure of porphyrin and CO-porphyrin on a
copper surface (Takuma Omiya, Yousoo Kim)

Dynamics of CO on porphyrin covered Cu(110) surfaces was studied by means of pump-probe IR-VIS
SFG and STM for the deeper understanding of energy conversion at the interface. In this fiscal year, we
have concentrated on STM works to reveal surface supramolecular structure and electronic structure.
Formation of supramolecular structures are driven by anisotropic interactions. CO adsorption onto
porphyrin induces unique electronic state near Fermi level. Moreover, the quantitative analysis of CO
desorption by STM-AS, indicates that vibrational excitation may be required for desorption.
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@ Development of STM-TERS for investigation of single molecules in UHV and LT environments
(Rafael Jaculbia, Norihiko Hayazawa, Hiroshi Imada, Yousoo Kim)

Combining STM with Raman spectroscopy into STM-tip enhanced Raman spectroscopy (STM-TERS) takes
advantage of the chemical sensitivity of Raman spectroscopy with the high spatial resolution of STM. TERS
experiments are normally performed in ambient conditions. The presence of various gases and molecules in air,
however affects the signals measured by TERS. It is therefore attractive to perform STM-TERS measurements in
the well-controlled environment of ultrahigh vacuum (UHV) and low temperature (LT) in order to fully analyze the
pristine characteristics of a sample. In this year, we began the development of a STM-TERS system operating in
UHV and LT environments. A set of optics external to the UHV chamber was designed and a 532nm laser was used as
the excitation source. For the sample we chose meso-Tetra-(3,5-di-t-butylphenyl) porphine (H,TBPP) deposited on Ag
(111) surface. This sample is selected because the butyl and phenyl groups does not lie flat on the surface leading to
vibrational modes perpendicular to the surface. This is necessary for TERS measurements since the enhancement is
stronger for vibrational modes parallel to the tip. Both single molecules and molecule islands of H,TBPP were
successfully deposited on the Ag substrate. When the STM tip is retracted even while it is directly on top of the
molecule islands, we cannot observe any Raman signal at all. However, under tunneling conditions, several Raman
peaks appear. The peaks were confirmed to be due to H,TBPP by comparing with calculations and powder Raman
spectra taken at room temperature. We also note that no Raman signal was observed when the tip is at the silver
surface confirming our observations is not due to molecules attached to the tip itself. For future experiments, we
intend to investigate single molecules and also to improve the signal to noise ratio by modifying the optical setup.

(® Development of highly stable tip-enhanced Raman spectroscopy with active environmental
control (Norihiko Hayazawa and Yousoo Kim)

Tip-enhanced Raman spectroscopy (TERS) has been recently recognized as one of the promising analytical tools in
the nanoscale, which is capable of both topographic and chemical contrasts in ambient. One of the trends of TERS
now is the challenge towards an extreme spatial resolution up to single molecule sensitivity in ultrahigh vacuum and
low temperature (UHV-LT) condition. Whereas, the other trend is to apply TERS to in-situ characterization of
chemical species, e.g. in electro-chemical reactions in liquid. In order to link the knowledge obtained in such different
environments, the development of highly stable TERS in ambient with an active environmental control is of essential
importance to make a feedback to other systems. In this fiscal year, | thoroughly re-designed TERS in
multi-environments based on STM-TERS (Nat. Commun. 5, 3312 (2014)). The essence is to make the system as
compact as possible using low thermal expansion alloys, which allows the entire system to be installed in an
environmental control chamber. The chamber can withstand for high vacuum up to ~10™° Pa or can be purged by an
inert gas such as Ar or N2 so as to cover the broad variety of materials, e.g. photo chemically sensitive materials such
as black phosphorous.

2. Fabrication of low-dimensional molecular interfaces and controlling their structure and electronic
properties
D Monolayer hBN as an insulating thin film on Cu(111) (Holly Walen, Hiroshi Imada, Yousoo
Kim)

Traditional optical spectroscopy experiments measure attenuation of a light source or emission
(fluorescence, phosphorescence) of an excited molecular species. While these techniques are incredibly
useful for the micro-scale study of the electronic and optical features of a material, they are (for now)
limited in their applicability at the nanoscale or below. To work around this, we use excitation via
tunneling electrons, from a low-temperature scanning tunneling microscope (STM). A silver probe is
used to inject electrons into a single feature, allowing us to study optical and electronic properties with
incredible precision. To encourage light emission, our experimental system is designed to electronically
decouple the target molecule or material from a readily conductive metal surface. Hexagonal boron
nitride (hBN) is an atomically-thin film structurally analogous to graphene, but has a direct band gap,
making it a good candidate for electronically decoupling a molecule from the metal surface. In this
work, we successfully synthesized monolayer hBN film on Cu(111) and confirmed the film quality using
several surface-sensitive techniques. We then tested the film’s ability to decouple single phthalocyanine
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molecules from the metal surface. The fluorescence of phthalocyanine under similar conditions has
been studied previously in our group (Imada et al., Nature 538 (2016) 364), facilitating the comparison
of structural, electronic, and optical properties between systems. In the case of hBN on Cu(111), we
successfully studied the electronic energy alignment of phthalocyanine independent of the Cu(111)
electronic structure. We found that there is some dependence of phthalocyanine energy alignment
relative to defects or impurities found on the hBN film, though the exact nature of this dependence
warrants further investigation. We were also able to observe a small molecular absorption signal,
characteristic of the molecular Qx dipole interaction with the tip plasmon (Imada et al.,
arXiv:1609.02701 (2016)). Finally, while the molecule was electronically decoupled from the metal
surface, screening effects of the metal through the monolayer hBN prevented strong molecular
absorption and fluorescence signals. Continuing work to improve this system (synthesis of thicker films,
use of different metal substrates) is currently underway.

@ Atomic level structural investigation of boron-doped diamond (Junepyo Oh, Yousoo Kim)
Boron-doped diamond (BDD) is a very stable electrode material under electrochemical reaction with
less poisoning, thus it has been extensively studied for electrode materials such as electrochemical
sensor, environmental purification, application to organic synthesis leading to drug discovery,
synthesis of useful substances by CO2 reduction reaction. On the other hand, the surface structure of
boron-doped diamond prepared by the CVD (Chemical Vapor Deposition) method has different boron
concentration distributions in their respective surface structures such as terraces, grain boundaries,
steps, and defects, but the details are still unknown. In this study, we have focused on observing
boron-doped diamond surface by scanning tunneling microscope (STM) with high spatial resolution and
clarifying surface structure, local electronic state, chemical reactivity at atomic level. Continuing from
last year, to create BDD which has flat surface at the atomic level, we tried film formation under the
low flow rate of the carbon source (methane) which influences the film deposition rate by 1/40
compared with the usual conditions, but due to excessive hydrogen atmosphere the surface etching
mode is increased, and BDD film formation has not yet been achieved. Currently we are challenging
film growth on iridium deposited MgO substrate to obtain atomically flat BDD film.

@ Temporal and spatial changes in boron-doped diamond electrodes due to electrolytic corrosion

(Francesca Celine I. Catalan, Yasuyuki Yokota, Norihiko Hayazawa, Raymond Wong, Yousoo

Kim)
Owing to its unique properties such as chemical and mechanical stability and wide potential window,
boron-doped diamond (BDD) electrodes have attracted much attention in electrochemical analysis and
other applications. Several researchers, however, have shown measurable deterioration of BDD under
high current densities which affects its reliability and efficiency. In this work, highly-doped
polycrystalline BDD film electrodes grown on silicon substrates are examined before and after
high-current density anodic treatments to investigate the morphological and chemical changes on its
surface induced by corrosion. Micro-Raman imaging and X-ray photoelectron spectroscopy show that in
the initial stages of corrosion, sp3 diamond is converted to sp2 carbon, and the surface is functionalized
mainly with carbonyl (C=0). Further increasing the electrolysis time up to 12 hours removes the sp2
carbon from the surface, exposing the sub-layers of sp3 diamond and reducing the amount of boron
embedded in the diamond structure. Polarization Raman spectroscopic analysis reveals that
corrosion-induced modifications are more evident in (100)-faceted diamond grains than (111) grains.
We attribute the corrosion-induced modifications in BDD to successive reactions of hydroxyl radicals in
the electrolyte to the exposed BDD surface, specifically to carbonyl groups subsequently formed on the
surface.

@ XPS analysis of Boron-Doped Diamond electrode after various cathodic treatments (Seiji
Kasahara, Raymond Wong, Yasuyuki Yokota, Yousoo Kim)
Boron-doped diamond (BDD) is regarded as a promised electrode material for electrochemical sensor.
It’s because BDD has superior electrochemical properties, such as wide potential-window, low
background-current and others. To measure some species with high sensitivity and repeatability,
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cathodic reduction is usually used before measurement, but the criteria of the treatments condition are
still unclear. In this year, we investigated the condition of BDD after various cathodic reduction
changing treatments condition, with electrochemical (EC) measurement, and X-ray Photoelectron
Spectroscopy (XPS) analysis. First, cathodic reduction was applied, fixing coulomb amount and applied
potential, and changing pH of used solution, on the sample which was oxygenated by anodizing. It’s
indicated by EC measurement that low pH accelerates the activation of BDD by treatment. Secondly,
cathodic reduction was applied, fixing coulomb amount and used solution, and changing applied
potential, on the sample which was oxygenated by anodizing. It’s indicated that negative potential
accelerates the activation. Then, XPS spectra was observed for treated sample. On cathodized sample,
the negative shifts of C 1s spectra from anodized sample were observed. And it’s also observed that the
more activated sample gave the bigger shifts. Results of deconvolution on spectra indicated that these
shifts were from decrease of C-O bonds and increase of C-H bonds by cathodic reduction. Compared to
results of EC measurement, it’s indicated that small increase of C-H bonds can greatly activate BDD
electrodes.

® EC-AFM study of Li-O2 battery electrodes (Yena Kim, Hye Ryong Byon, Yousoo Kim)

A non-aqueous lithium-oxygen (Li-O2) battery is considered as a promising next-generation energy
storage owing to its high gravimetric energy density. However, the Li-O2 battery still has unsolved
problems such as poor energy efficiency, poor rate capability and poor cycleability for practical use of
Li-O2 battery. The study of reaction mechanism for Li-O2 battery is needed, which lead to the strategy
of enhanced Li—02 battery performance. The visualization analysis such as in situ AFM is one of
powerful tools to understand reaction mechanism including chemical species of reduction intermediate
and products during the Li—O2 electrochemical reaction. Although a lot of in situ and ex situ AFM
analyses have been reported, the details of the dynamic Li—O2 reaction have not as yet been fully
unraveled. In this sense, visual imaging can provide straightforward evidence, formation and
decomposition of products, during the Li—02 electrochemical reaction. In this year, we set up EC-AFM
system for measuring conductive discharge products of Li-O2 battery with ionic liquid electrolytes
under high temperature. In the future, we are going to study real-time and in situ views of the Li—02
reaction using electrochemical atomic force microscopy (EC-AFM). Details of the reaction process can
be observed at nano-/micrometer scale on a highly oriented pyrolytic graphite (HOPG) electrode with
PP13-TFSA/Li-TFSA electrolyte. In addition, we will try to measure electron conductivity of Li—02
discharge products.

® Development of EC-TERS (Yasuyuki Yokota, Nohiriko Hayazawa, Bo Yang, Emiko Kazuma,
Francesca Celine Catalan, Yousoo Kim)

Since the development of electrochemical scanning tunneling microscopy (EC-STM) and
electrochemical surface-enhanced Raman spectroscopy (EC-SERS), electrochemists have been able to
obtain molecular scale information of electrolyte / electrode interfaces. However, recent progresses of
these electrochemical devices require the chemical information with very high spatial resolution, which
has never been achieved by conventional EC-STM, EC-SERS, and other specific techniques. Hence,
we have started to develop new technique, EC tip-enhanced Raman spectroscopy (EC-TERS), where
the advantages of EC-STM (high spatial resolution) and EC-SERS (chemical sensitivity) are preserved.
First, we set up independently EC-STM and EC-SERS systems, followed by developments of insulated
Au tips and EC cell necessary for the EC-TERS measurements. Following this, we are adapting the
EC-TERS technique to benzenethiol adsobed Au(111) system and have succeeded in obtaining the
Raman peaks of molecular vibrations. Our future plans include attempts to increase the signal
intensity by optimizing the EC-TERS system and to introduce Raman imaging ability for our system.

@ Development of EC-XPS (Yasuyuki Yokota, Raymond Wong, Yousoo Kim)
A detailed understanding of electrolyte / electrode interfaces is very important for various
electrochemical devices such as rechargeable batteries, fuel cells, and dye-sensitized solar cells. While
in the research filed of surface science, various techniques operated in vacuum environment give us
much information of the surface, they cannot be applied to electrolyte / electrode interfaces due to the
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presence of liquids. In this study, we have started to develop the experimental system where the
emersed electrodes from the electrochemical cell are directly transferred to the conventional vacuum
system such as X-ray photoelectron spectroscopy (XPS) and UV photoelectron spectroscopy (UPS) with
keeping the interface properties. First, we set up XPS and UPS systems as conventional surface
science techniques. We have confirmed that the concentration and chemical state of boron species in
boron-doped diamond electrodes can be characterized by the B 1s XPS spectra. Subsequently, we are
concentrating on the development of electrochemical chamber at which any electrochemical
measurements are performed and the electrode surfaces are dried by evacuation. Our future plans for
emersed electrodes include chemical state analysis by XPS, valence state analysis and work function
measurements by UPS. Furthermore, we will try to combine the EC chamber and low temperature
STM (UHV-LT-STM) to visualize the electrode properties.

3. Study of energy transport and conversion at the nano-scale surfaces and interfaces
D Real-space investigation of intermolecular resonance energy transfer (Hiroshi Imada,
Kuniyuki Miwa, Miyabi Imai-Imada, Shota Kawahara, Kensuke Kimura, Yousoo Kim)

Energy transfer is an essential dynamic process in naturally configured photosynthetic systems, and it
has also been used in various artificially designed energy-harvesting devices. Diverse functions have
been realized by different regulations of the energy dynamics, and the microscopic understanding and
molecular-level control of the energy transfer are long-standing challenging targets. So far, optical
spectroscopy has been used to investigate excitation dynamics, however, the spatial resolution of
conventional optical spectroscopy is limited, and a large part of energy transfers on the nanoscale is
still unknown. In this work, we conducted a molecular-level investigation of energy transfers in
molecular dimers consisting of a free-base phthalocyanine and magnesium phthalocyanine (H2Pc and
MgPc) by absorption/emission spectroscopy using STM. The luminescence signal from H2Pc at 1.81 eV
was detected while locally exciting a nearby MgPc with the tunneling current of STM, clearly
indicating an energy transfer from MgPc to H2Pc. The mechanism of the energy transfer is proven to
be resonance energy transfer (RET) because charge transfer is prohibited by the energy-level
alignment at the MgPc-H2Pc¢ heterojunction.

@ Single-molecule vibrational spectroscopy with scanning tunneling luminescence measurement

(Hiroshi Imada, Kuniyuki Miwa, Miyabi Imai-Imada, Shota Kawahara, Kensuke Kimura,

Yousoo Kim)
Scanning tunneling microscopy (STM) is a very powerful tool in nanoscience which can resolve matters
with the atomic spatial resolution. However, it has been discussed that the low chemical sensitivity of
STM is one of the technical problems to be solved. While inelastic tunneling spectroscopy using STM
(STM-IETS) can provide information of molecular vibrations of single molecules, the applicability has
been limited mainly to small molecules with a small number of vibrational modes. As recent studies
demonstrated single-molecule vibrational spectroscopy based on tip-enhanced Raman scattering using
STM, another way to obtain chemical sensitivity in STM is to utilize optical processes such as
absorption, luminescence and scattering. In this work, we detect and identify more-than-ten different
vibrational modes of free-base phthalocyanine (H2Pc: C32H18NS8) single molecule by using scanning
tunneling luminescence (STL) technique. H2Pc molecules were deposited on an ultrathin (three atomic
layers) NaCl film grown on Ag(111) substrate, and the single molecule luminescence was induced by
exciting the molecules using the tunneling current. The STL spectra show a strong peak at 1.8 eV
originated from the transition from the first excited state. In addition, the spectra have more-than-ten
small peaks in the lower energy region. Molecular vibrational modes analysis by the first principles
calculation based on the density functional theory have successfully identify all the small peaks
originated from different molecular vibrational modes.

® Selective formation of triplet excited state in a single molecule with an STM (Kensuke Kimura,

Hiroshi Imada, Kuniyuki Miwa, Yousoo Kim)
Luminescence from organic molecule is important for both fundamental study of the dynamics of
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excited state and application study for organic light emitting diodes. In usual, there are two types of
luminescence. One is fluorescence, which is light emission from singlet excited state. The other is
phosphorescence, which is light emission from triplet excited state (T1 state). In this study, in order to
reveal the mechanism of formation of excited state by carrier injection, we conducted luminescence
measurement (STL) and electron transport measurement (STS) with a scanning tunneling microscope
(STM). We deposited 3,4,9,10-Perylenetetracarboxylicdianhydride(PTCDA) to NaCl ultrathin
insulating film grown on Ag(111) and conducted STL and STS measurement. From STL measurement,
we succeeded in detecting both fluorescence (505 nm) and phosphorescence (932 nm) from PTCDA
single molecule. Besides, we observed phosphorescence only at low bias voltage region. This
phenomenon has not been reported yet. In order to reveal the mechanism of selective formation of T1
state, we conducted STS measurement. From the STS results, we revealed PTCDA was negatively
charged by the adsorption on NaCl/Ag(111). Due to the extra electron in the molecule, there was strong
electron correlation in electron transport. Then, T'1 state was formed selectively

@ Quantum many-body description of STM-induced light emission from single molecule
(Kuniyuki Miwa, Hiroshi Imada, Kensuke Kimura, Yousoo Kim)

Electronic and optical properties of molecules contacted with metallic electrodes have attracted much
attention from the viewpoint of fundamental science and potential applications to organic
(opto)electronic devices. Scanning tunneling microscope (STM) has been widely utilized to investigate
molecular electronic properties even at the single molecule level. The tunneling current of STM can
also be utilized to induce light emission from a molecule. Detailed analysis on STM-induced light
emission (STM-LE) from a molecule will provide a novel insight into the charge and energy transport
as well as photoelectric conversion in a molecular junction. In this study, we constructed the
microscopic theory of STM-LE from a single molecule adsorbed on a solid surface. The essential part in
this analysis is a treatment of electron correlations in the processes of luminescence induced by the
tunneling current, i.e., charging/discharging of the molecule, formation of singlet/triplet excitons in the
molecule, and radiative/nonradiative decays of the excited molecule, within the framework of quantum
many-body theory. The effective model is constructed using the parameters that are determined based
on the results of first principles calculations. Transport and optical properties of the system are
investigated with the aid of nonequilibrium Green’s function (NEGF) method. Current-voltage
characteristics and luminescence spectra predicted by the developed theory are found to agree well
with the data obtained in a recent experiment.

® Real-space and real-time observation of gap plasmon induced S-S bond dissociation (Emiko
Kazuma, Yousoo Kim)

Plasmon-induced chemical reactions (PICR) of molecules adsorbed on metal nanostructures are
attracting increased attentions as novel photocatalytic reactions. The reaction mechanisms have been
discussed on the basis of ensemble measurements of the local reactions. However, no mechanistic
insight based on the real-space observation has been obtained, although the PICR occur within the
plasmonic field strongly localized at the nanospace near the metal surfaces. Moreover, real-time
analysis of the reaction of a single molecule in the plasmonic field has never been realized. In this study,
we demonstrate the real-space and real-time observation of plasmon-induced dissociation of the S-S
bond in (CH3S)2 at a single-molecule level. This is achieved at the nanogap between a plasmonic Ag tip
and a metal substrate with scanning tunneling microscopy. The real-space and real-time observations
evidently shows that the dissociation occurs within the localized electric field generated by plasmon,
which is initiated by plasmon-induced direct electron excitation to the unoccupied adsorbate state.
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