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Key Sentence :

1. Exploring single molecule chemistry

2. Investigating electronic properties of low-dimensional materials interfaces
3. Developing novel spectroscopy at nanometer scale

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
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

D 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 ~5meV 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
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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.

@ Real-space and real-time observation of plasmon-induced dissociation of a single molecule
(Emiko Kazuma, Yousoo Kim)

Plasmon-induced chemical reactions of molecules adsorbed on metal nanostructures are attracting
increased attention as novel photocatalytic reactions. However, the reaction mechanism remains
controversial because of the difficulty of direct observation of the chemical reactions in the plasmonic
field, which is strongly localized near the metal surface. In this study, we used a scanning tunneling
microscope (STM) to achieve real-space and real-time observation of a plasmon-induced chemical
reaction at the single-molecule level. A single dimethyl disulfide molecule on silver and cooper surfaces
was dissociated by the optically-excited plasmon at the STM junction. The STM study combined with
theoretical calculations shows that this plasmon-induced dissociation reaction occurs by a novel “direct
intramolecular excitation mechanism”.

® Selective formation of triplet exciton in a charged molecule (Kensuke Kimura, Hiroshi Imada,

Kuniyuki Miwa, Miyabi Imai-Imada, Shota Kawahara, Jun Takeya, Maki Kawai, Yousoo Kim)
Photons in organic light emitting diodes (OLEDs) are emitted from either singlet exciton (S1) or triplet
exciton (T1) generated by electric current. It is well known that S1 and T1 are formed in a 1:3 ratio in
OLEDs. While high quantum efficiency is routinely obtainable in T1-based OLEDs, reduction of the
operating voltage is a key issue to further improve the energy efficiency of OLEDs, and a breakthrough
technology has long been awaited. In this work, we propose a completely novel idea for reducing the
operating voltage of OLEDs by demonstrating selective T1 formation at low voltage. We first prepare a
model system, an isolated 3,4,9,10-Perylenetetracarboxylicdianhydride (PTCDA) molecule adsorbed on
a metal-supported ultrathin insulating film. Then, we measured single-molecule electroluminescence
and its bias voltage dependence of a PTCDA. Only phosphorescence is observed at low applied voltage,
showing that T1 is selectively created without forming S1. Based on the differential conductance
measurement, individual PTCDA molecules is negatively charged with an unpaired spin, and the
selective T1 formation is explained by spin-selective electron removal due to the exchange interaction
between the unpaired electron and electrons in the highest occupied molecular orbital (HOMO).

@ 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.
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2. Investigation of low-dimensional materials interfaces
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
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 (Francesca Celine I. Catalan,
Yasuyuki Yokota, Norihiko Hayazawa, 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.

@ XPS analysis of Boron-Doped Diamond electrode after various cathodic treatments (Raymond
Wong, Seiji Kasahara, 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.

® Characterization of undoped LT-GaAs using scanning tunneling microscopy and spectroscopy

(Maria Herminia Balgos, Rafael Jaculbia, Norihiko Hayazawa, and Yousoo Kim)
Low temperature grown GaAs (LT-GaAs) is a common photoconductive substrate for the emission and
detection of THz waves. There is an abundant research on the bulk properties of this material in
relation to its THz applications. However, the effect of its local properties on the THz emission and
detection is still not clear. In this research, we aim to investigate local topography and electronic and
optical properties with the aid of an STM. One problem in using STM is that the sample needs to be
conducting to prevent the tip from crashing to the sample. Since LT-GaAs has high resistivity of
~106Qcm-3, we deposited the LT-GaAs on a (100)-oriented n+-GaAs substrate using molecular beam
epitaxy to decrease the overall sample resistance. A 0.2um n+-GaAs buffer layer was grown at 580°C
followed by a 0.8 um undoped LT-GaAs at a temperature of 400°C and an As/Ga flux ratio of 20. In-situ
post growth annealing was done for 5mins at 580°C in an As rich environment. Low temperature
growth introduces point defects which later on form As precipitates after annealing. The sample was
cleaved in UHV to get clean (110) cross sectional surface for STM studies. Owing to the carrier injection
at the interface, we were able to observe the LT-GaAs/m-GaAs interface using UHV STM operated at
4.6K. Atomic scale imaging of the LT-GaAs is also achieved showing presence of monoatomic step edges.
The scanning tunneling spectroscopy (STS) shows a p-type conductivity for LT-GaAs. For future
experiments, we plan to do linear STS scan to quantify the change in the electronic property of
LT-GaAs as we move far from the interface.
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3. Development of novel nano-scale spectroscopy

@ 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 (H2TBPP) 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 H2TBPP 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 H2TBPP 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, I 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
~10-10 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.

® Development of EC-TERS (Yasuyuki Yokota, Nohiriko Hayazawa, Bo Yang, Emiko Kazuma,
Francesca Celine Catalan, and 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.
Following the instrumentation and the first signal acquisition of EC-TERS last year, we tried to take a
TERS images using benzenethiol or triphenylthiol on Au(111) electrodes in air. Following this, we are
adapting the (EC-)TERS technique to triphenylthiol molecules embedded in hexanethiol monolayer on
Au(111) to determine the spatial resolution of our instrument. Our future plans include attempts to
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increase the stability of the EC-TERS system by carefully preparing STM tips.

@ Development of THz electric field assisted ultrafast scanning tunneling spectroscopy (Norihiko
Hayazawa, Maria Herminia Balgos, Rafael Jaculbia, and Yousoo Kim)

STM and its related spectroscopy such as scanning tunneling spectroscopy, STM-inelastic tunneling
electron spectroscopy, STM-electro luminescence realizes atomic scale spatial resolution with improved
chemical sensitivity. However, the major drawback of them is its limited temporal resolution simply
due to the limitation of the bandwidth of the Amp used for tunneling current which is normally
~100kHz. In this research, we proposed to control the ultrafast tunneling electrons by THz pulse
electric field. Assuming THz sub-cycle pulse electric field up to 1kV/ecm is generated and introduced to
STM junction, lightning rod effect of the tip-sample junction enhances the THz-electric field up to
105time. As a result, we concluded that the ultrafast electric field of 10V/nm with sub-picosecond
temporal resolution could be induced. By controlling the phase of the THz pulse, we can perform
ultrafast STM spectroscopy with the energy range of £10eV can be realized. This proposal has been
accepted as one of the Engineering Network Projects in RIKEN collaborated with Terahertz imaging
research team. We designed THz emitter and detector in this year and characterized the temporal
waveform of the THz pulse.

® Development of spin-polarized STM luminescence spectroscopy and its application to

investigation and control of photon-spin conversion dynamics in a two dimensional

semiconducting material (Shunji Yamamoto, Hiroshi Imada, and Yousoo Kim)
In spintronics research field, tungsten disulfide (WS2) is attracted as a good spin-light conversion
device, which is a two-dimensional (2D) semiconductor. However, there are some important problems
peculiar to two-dimensionality, for example, 2D materials are easily disturbed by intrinsic defects and
impurities because of the high surface/bulk ratio, and have some difficulties for spin injection as
compared with three-dimensional materials. In this study, therefore, we proposed a new method,
“Spin-Polarized STM Luminescence”. It is a combination between Spin-Polarized STM, which allows us
to do spin injection at an atomic precision and STM Luminescence, which enable us to take
luminescence at an atomic level. By the new method, it is possible to investigate the spin-light
conversion dynamics on the 2D material without above the problems. In this year, we realized
Spin-Polarized STM measurement in our labs, in which STM Luminescence measurement has been
already established before, and measured polarization of luminescence for a test sample in magnetic
field. ® Magnetic contrast of spiral spin for Fe/Ir(111) sample was observed by Spin-Polarized STM.
@ Polarization of luminescence for GaAs was measured by STM luminescence measurement.

® Combining Electrochemistry with Photoelectron Spectroscopy: Revisiting Electrode Immersion
Methods (Raymond Wong, Yasuyuki Yokota, and Yousoo Kim)

Understanding the electrified solid-liquid interface is central to many electrochemical (EC) processes
including electrocatalysis, electrodeposition and corrosion. The limitation with classical
electrochemical methods such as cyclic voltammetry is that they are capable of providing the overall
macroscopic system view of currents and voltages. However, in order to obtain a more complete picture,
understanding the interfacial electrode-electrolyte electronic structure is highly desired. To address
this, we have combined an EC cell with X-ray and ultraviolet photoelectron spectroscopy (XPS/UPS)
allowing for chemical state analysis with XPS and valance structure analysis with UPS. This is
accomplished by constructing an EC chamber connected directly to an existing XPS/UPS analysis
chamber, which allows the sample to be rapidly transferred following electrochemical treatment
without exposure to air. As the representative model system for interfacial charge transfer, we have
examined ferrocene-terminated alkanethiol self-assembled monolayers by probing the structural and
electronic changes induced by charge transfer. We have successfully probed electrolyte effects,
quantitative determination of ion-pairing, work function changes, valence structure, and monolayer
thickness changes following electrochemical-induced redox. This work will be extended to include the
EC chamber and low temperature scanning tunneling microscopy (UHV-LT-STM) for visualization of
the electrode surface following electrochemical treatments.
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