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Chapter 1

General introduction

This doctoral dissertation is organized as follows: Chapter 1 provides a general intro-
duction to Au tips, Au(111) surfaces, dimethyl disulfide and interactions at molecular
level. The methodologies used in the following chapters are introduced in Chapter 2.
Chapter 3 and 4 present fabrication of Au tips by three-electrode electrochemical etching
method and STM investigation of the dissociation of a single (CH3S)2 molecule on the
Au(111) surface, respectively. Finally, conclusions and further perspectives are summa-

rized in Chapter 5.

1.10utline of the thesis

The general introduction and background of this doctoral thesis are summarized in
Chapter 1. This doctoral studies mainly include my personal motivation and interests in
electrochemical fabrication of Au tips and dissociation of a single molecule on noble
metal substrate. Basic information regarding Au tips, Au(111) surfaces, dimethyl disul-
fide, and interactions at molecular level is introduced in sections 1.2, 1.3, 1.4, and 1.5,
respectively.

Chapter 2 is an introduction of the methodologies used in my doctoral study. Section
2.1 focuses on the electrochemical etching in fabricating Au tips and the key factors in-
cluding applied potentials, an electrolyte, electrode system and other parameters. Section
2.2 moves to a scanning tunneling microscope (STM). This part mainly includes the basic

theory and working principle of the STM and its instrumentation.
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Chapter 3 describes the fabrication of sharp Au tips by three-electrode electrochemical
etching with high reproducibility and controllability. Gold (Au) tips have wide applica-
tions in local spectroscopies such as tip enhanced Raman spectroscopy (TERS) because
of not only high chemical stability but also strong localized surface plasmon resonance
(LSPR) in the visible and near-infrared regions.! The LSPR strongly depends on the tip
shape.*® However, the conventional fabrication method of the Au tips by electrochemical
etching with two electrodes has the problems about both controllability and reproducibil-
ity of the tip shape. Here, we apply a three-electrode electrochemical method to fabrica-
tion of the Au tips. Tip sharpness is well controlled by the applied potential with high
reproducibility.

Chapter 4 describes the studies of single-molecule reactions on surfaces using the STM,
which provides unprecedented insight into the structure of reactants and products, as well
as the reaction pathways.>"° Photo-induced dissociation is one of the important applica-
tions of solar energy, a clean and renewable energy resource. However, this reaction is
not feasible for small molecules in the gas and liquid phases, because there is wide energy
gap between the frontier molecular orbitals such as the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO).X° Molecular adsorption
on solid surfaces provides a new opportunity for photochemical reactions with visible
light, based on the reconstruction of interfacial electronic structures due to the molecule-
surface interaction. Particularly, the LUMO-derived MOs overlap with the metal surface
and so lifetime of the photo-excited state becomes long enough to induce dissociation.°
Recently, plasmon-induced dissociation of a single DMDS molecule on Ag(111) surface
with a Ag tip has been realized.!* How about the case of the molecules adsorbed on

Au(111) with a Au tip? Therefore we carried out the same trial of the same molecule with



a 670 nm-visible light. Dissociation reaction occurred under the excitation of plasmon.
Any molecular motion such as rotation, translation and desorption was not observed.
Previous STM studies revealed the tunneling electron-induced dissociation of adsorbed
molecules on noble metal surfaces.'?* As for a single DMDS molecule, dissociation re-
actions occurred on Au(111) surface with a W tip.*> However, recent study found both
dissociation and rotation reactions occurred on Ag(111) surface with the W tip.** We fur-
ther investigated the case of Au(111) substrate with the W tip and three reaction were

found: dissociation, rotation and desorption.

1.2 Au tips

Without a tip, the STM can’t work normally. The production of tunneling current
depends on the interaction between tip and sample. What’s more, the acquisition of STM
data is closely related to tip’s bias and position. Figure 1.1 shows the working principle

of the STM.
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Figure 1.1. Adiagram of the working principle of a STM (http://en.wikipedia.org).

As mentioned in Part 1.1, Au has both strong LSPR effect and high chemical stability,
making it an excellent candidate to fabricate STM tips. In addition, the Au tips also have

wide applications in (other) local spectroscopies (Figure 1.2).
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Figure 1.2. Examples of the applications of Au tips: (a) tip-enhanced Raman spectroscopy
(http://chemgroups.northwestern.edu), (b) shear-force atomic force microscopy
(http://nano-optics.colorado.edu), and (©) light emission/luminescence

(http://www.int.kit.edu).

1.3 Au(111) surfaces

To modify chemical bonds bonding in surface science applications, one requires a
relatively chemically inert surface to which large molecules adhere primarily through

noncovalent van der Waals interactions, yet one that is reactive enough to cleave only a


http://en/

few bonds.*® Au(111) has technical advantages in that it is relatively easy to obtain a clean

atomically flat surface (Figure 1.3).

{111} {110} {100}
BE: 7.742 kcal/mol BE: 33.413 kcal/mol BE: 17.498 kcal/mol
CC=gD=0

TE5°

Figure 1.3. Top and side views of the most stable structures of thiophenol on Au{111},

{110}, and {100} surfaces. BE denotes binding energy. Reproduced with permission from
ref. 17.

Its unique reconstruction has been characterized experimentally using the STM?*8-22 and
other surface science techniques,?2¢ and a large number of molecular assembly studies
have been performed on this surface.?”-** Figure 1.4 indicates the formation and a typical

STM images of the Y3x22 reconstruction on Au(111).33%
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Figure 1.4. Formation and a typical STM images of the Y3x22 reconstruction on Au(111)

surface. Reproduced with permission from ref. 35 and ref. 36, respectively.

The renewed interest in the chemical reactivity on the Au(111) surface is intricately
linked to its atomic-level surface structure and its reconstruction, and provides a signifi-
cant challenge to modern electronic structure theory. In fact, most density functional com-
putational studies make the approximation that Au(111) is an infinite, perfect, atomically

flat close-packed face-centered-cubic (fcc) surface.

1.4 Dimethyl disulfide

Dimethyl disulfide (DMDS) is an organic chemical compound with the molecular
formula CH3SSCHs which is the simplest disulfide. The systematic IUPAC name is 2-
sulfide, 2-methyl. It is a symmetrically structural substance, divided by the S-S chemical

bond. Below show the molecular formula and three-dimensional model, respectively.

A A
H-C-S—S—C-H
H H

Figure 1.5. Molecular formula and three-dimensional model of a single (CH3S). molecule.

From the previous work,*” the adsorbed (CH3S). molecule has two conformations on
Au(111) substrate: cis- and trans- symmetry (Figure 1.6). The S-S bond is aligned with

the close-packed direction on the Au(111) surface and is located above the Au-Au bridge
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site.

cis

Figure 1.6. cis- and trans- symmetry of the (CHsS)> molecule on Au(111) substrate. The

red line marks the direction of the S-S bond. Reproduced with permission from ref. 37.

1.5 Interactions at molecular level

1.5.1 Intermolecular interactions

Chemical bonds can be classified as strong and weak forces. Strong forces include
ionic, covalent and metallic bonding. lonic and covalent bonds form inorganic salts, while
determining their structures and properties. Metallic bonding forms a metal crystal in
which electrons are delocalized, resulting in conductive properties.

“Chemical structure” refers to the arrangement of atoms in one molecule, in other
words, it is a model regarding bond distances and angles between linked atoms. However,
the molecular conformation can be changed by temperature or solvent in spite of the same
“chemical structure”. This originates from the weak forces between atoms or groups,
called intermolecular interactions.

Although intermolecular interactions are ca. 1-3 orders of magnitude lower than cova-
lent bonds in energy, no molecule could maintain a liquid or solid phase if there’s no

interaction between atoms or groups.



1.5.2 Intramolecular interactions

An intramolecular force can hold together the atoms making up a molecule or
compound.® It includes all types of chemical bonds. Usually, they are stronger than in-
termolecular forces which present between atoms or molecules that are not bonded. As
mentioned above, the classical model mainly identifies three kinds of chemical bonds:
ionic, covalent and metallic. They distinguish with each other by the degree of charge
separation between participating atoms.3® In addition, their bond enthalpies are also dif-
ferent, thus affect the physical and chemical properties of the according molecule.

An ionic bond involves a complete transfer of one or more valence electrons of atoms
participating in bond formation, resulting in a positive ion and a negative ion bound to-
gether by electrostatic forces.*° Electrons in an ionic bond tend to be mostly found around
one of the two constituent atoms due to the large electronegativity difference between the
two atoms; this is often described as one atom giving electrons to the other. This type of
bond is generally formed between a metal and nonmetal, such as sodium and chlorine in
NaCl. Sodium would give an electron to chlorine, forming a positively charged sodium
ion and a negatively charged chlorine ion.

In a covalent bond, the electrons are shared evenly between the two atoms and there is
little or no charge separation. Covalent bonds are generally formed between two nonmet-
als. There are several types of covalent bonds: in polar covalent bonds, electrons are more
likely to be found around one of the two atoms, whereas in nonpolar covalent bonds,
electrons are evenly shared. Homonuclear diatomic molecules are purely covalent. The
polarity of a covalent bond is determined by the electronegativity of each atom and thus

a polar covalent bond has a dipole moment pointing from the partial positive end to the



partial negative end. Polar covalent bonds represent an intermediate type in which the

electrons are neither completely transferred from one atom to another nor evenly shared.

1.5.3 Interactions between molecules and the metal surface

In general, the surface charge distribution of an organic molecule varies when it
is deposited on a metal surface, resulting in an electronic double layer (EDL) at the inter-
face (Figure 1.7). The formation of EDL depends on several factors: (1) Charge transfer
between the molecule and metal, (2) chemical bonding, (3) bias of electron cloud, (4)
push back.** The molecule is physically adsorbed on the metal surface by van der Waals

interactions.

(a)

LUMO

HOMO

Figure 1.7. Formation and possible origin of electrical dipole layer at metal-molecule in-

terface. Reproduced with permission from ref. 41.
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Chapter 2
Methodologies

2.1 Electrochemical etching

Several methods have been developed to fabricate Au tips over the decades, mainly
including the follows: (1) electrochemical etching,* (2) chemical polishing,® (3) ion mill-
ing,’ (4) cathode sputtering,® (5) whisker growth®! and (6) mechanical shaping.t>* (Fig-

ure 2.1).

Gold wire

(d) —

Vacuum pump

Figure 2.1. Schematics of main methods to fabricate Au tips: (a) chemical polishing,® (b)
ion milling,” (c) cathode sputtering® and (d) electrochemical etching.! (a), (b), (c), and

(d): Reproduced with permission from ref. 6, 7, 8 and 1, respectively.
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Table 2.1. Advantages and disadvantages of the methods to fabricate Au tips.

Methods

Advantages

Disadvantages

Electrochemical

Easy to operate; low cost; good

Highly polluting

pendent of material composition

etching anticorrosion; better reproduci-
bility and reliability
Chemical pol- Less equipment investment; Processing complexity; high
ishing rapid; high efficiency; good anti- | rejection rate; toxicity and fire
corrosion capability risk; equipment corrosion; ex-
pensive materials recycling
lon milling Extremely anisotropic; inde- Extremely high ion damage;

non-selective; residue

Vapor, electron-

beam deposition

Large range of deposition rate;
high material utilization effi-
ciency; structural and morpho-

logical control

Non-uniform evaporation rate;
certain materials are not well-
suited to evaporation by

EBPVD

Mechanical Good leveling and high bright- | Take much labor; cause serious

shaping ness after polishing; suitable for | pollution; the luster can't be
simple, medium and small size | consistent and durable
products

Cutting The easiest way Multiple tips; poor reproduci-

bility
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Machining High accuracy; no direct contact | High cost; complex set-up;
of tool and workpiece; tool life | skilled operator required

is more longer; quieter operation

The advantages and disadvantages of these methods are summarized in Table 2.1 above.
Electrochemistry is the branch of physical chemistry that studies the relationship between
electricity, as a measurable and quantitative phenomenon, and identifiable chemical
changes, with either electricity considered an outcome of a particular chemical change or
vice-versa. These reactions involve electric charges moving between electrodes and an
electrolyte (or ionic species in a solution). Thus electrochemistry deals with the interac-
tion between electrical energy and chemical change. The electrochemical etching system
includes an electrolyte, a working electrode (WE) and a counter electrode (CE). The an-
odic reaction (A - A* + e™) and cathodic reaction (B* + e~ — B) occur on WE and
CE, respectively.

Figure 2.2 indicates a brief flow chart of the tip fabrication process. First, the Au ring
(acts as CE) is fully immersed into the electrolyte solution, and then pulled up to the
interface of air and liquid to form a meniscus. Second, the Au wire (acts as WE) ap-
proaches to the surface of the electrolyte solution until they just contact. Finally, rotate
the cylinder ruler for two laps to make 1 mm-immersion depth of Au wire. When the
etching potential is applied, an electrochemical cell forms and the etching starts at the
same time. After the potential is applied, a large number of CI- accumulate on the WE
(Au ring). So the etching reaction (Au + 4ClI" — AuCly + 3¢’) is stronger. Uout — IR =

Uinterface. For “IR” part, the distance between CE and WE is the shortest at the CE level,
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so the largest etching current produces. With approaching to the lower position, the ac-

cording distance increases and etching becomes weaker and weaker.

Au wire
Liquid
~
meniscus formation diameter reduction tip formation

Figure 2.2. A brief flow chart of the tip fabrication process by electrochemical etching.

Figure 2.3 shows the flow directions of electrons and ions (cations and anions) in a
two-electrode electrochemical system. Cations flow to cathode, mainly including Au* and
H*. Anions flow to anode, mainly including CI" and OH". In tip fabrication, the shape of

CE is like a ring located at the interface between air and solution.

anode cathode

Figure 2.3. The flow directions of electrons and ions in a two-electrode electrochemical

system. The electrolyte is a Cl” contained solution.
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2.2 Experimental parameters

2.2.1 Applied potential

Applied potential is one of the most important parameters to produce sharp gold tips
with a smooth surface and an appropriate aspect ratio. For different etchants the optimal
voltages are different. Both DC®*° and AC (including square DC-pulsed voltage) 1%
voltage have been used for etching. Generally, DC etching is simple and the etching pro-
cess generally finishes in minutes; whereas, the AC method can further accelerate the
mass transfer process and thus the supplement of the etchants, yielding a faster etching
rate?!. For the AC method etching parameters such as high limit voltage, low limit voltage,
period time, and duty cycle can also be controlled to fabricate gold tips with designed
geometries?*. What’s more, the value of the etching voltage greatly affect the tip quality.
Figure 2.4 shows an example of the dependence relationship between tip morphology and

etching voltage®.

Figure 2.4. SEM images of optical tips DC electrochemically etched with both the stand-
ard (A)—(C) and modified (D)—(F) electrochemical cells at different voltages. Reproduced

with permission from ref. 20.
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2.2.2 Electrolyte

Electrolyte strongly affects the value of applied potential, etching time and the mor-
phology of the tip (including the chemical and structural quality). So far, the main etchants
for the fabrication of Au tips include 3 M NaCl, a 1:1 mixture of concentrated HCI and
ethanol®>, 3 M NaCl and 1% HCIO4s%2, 1 M HCI#»%, and 0.8 M KCNZ%. Table 2.2 is a
summary of the etching voltage, mean etching time, and mean radius of curvature for
various etching solutions?. We can see that the mean radius of curvature for 3 M NaCl is
the largest (10 um) and the mean etching is more than 30 min. However, when 1% HCIO4
is mixed with the former, the etching greatly shortened to 4 min. It is surprising that the

averaged radius can become 15 nm.

Table 2.2. Etching voltage, mean etching time, and mean radius of curvature for various

etching solutions. Reproduced with permission from ref. 22.

1:1 conc. HCl/ 3M NaCl in 1% 3M NaCl in 1%
Etchant 3M NaCl ethanol 1M HCI HCl HCIO,
Etching voltage 10 5 2.5 2.5 25
(V ac)
Mean etch time 1900 350 510 320 240
(s)
Mean radius of 10 000 1100 230 3600 15

curvature (nm)

To observe the morphologies more intuitively, the transmission electron microscope
(TEM) images are compared (Figure 2.5). The tips fabricated by using 3.0 M NaCl and
3.0 M NaCl in 1% HCI are very rough and irregular. In comparison, the solutions of 1:1

concentrated HCl/ethanol and 1.0 M HCI can produce smooth and sharp tips; but both

18



introduce HCI, which is a strong and deleterious acid. From the reference??, the formation
of the Au oxide during etching can be expressed as:
Au+ H,0 & AuOH + H* + e~

AuOH < AuO + HT + e~

If the pH is smaller (higher concentration of the proton), the etching process will be pro-

moted and the formation of oxide be inversed.

10 um a 2um b

2 um c 2um d

Figure 2.5 TEM images of Au tips etched in (a) 3.0 M NaCl, (b) 1:1 concentrated HCl/eth-
anol, (c) 1.0 M HCI, and (d) 3.0 M NaCl in 1% HCI. Reproduced with permission from

ref. 22.

Also, the concentration of electrolyte has a large effect on tip quality. Figure 2.6 demon-
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strates the field emission-scanning electron microscope (FE-SEM) images of the tips pre-
pared from glycerol with different concentrations: (a) 0%, (b) 11%, (c) 14%, (d) 20%,
and (e) 50%. Figure 2.6f is a graph of tip radius and capillary numbers versus glycerol

concentrations.

100nm

«

o

w
qumu Amjpidey

Tip radius (nm)
LY

o

] © 2 3 4 &
Concentration of Glycerol (wt.%0)

Figure 2.6. FE-SEM images of the tips whose concentration of glycerol are (a) 0%, (b)
11%, (c) 14%, (d) 20%, and (e) 50%. (f) A graph of tip radius and capillary numbers

versus glycerol concentrations. Reproduced with permission from ref. 23.
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2.2.3 Electrode system

All of the previous reports were based on the two-electrode electrochemical system
consisting of WE and CE, seen from Table 2.2. In a real experiment, the components of
the solution in an electrochemical cell is constantly changing during the etching process.
So one weak point of two-electrode system is the fluctuation of the potential, which makes

instability in etching condition. This will be further discussed in latter part.

2.2.4 Other parameters

The last are some not so critical parameters, such as the diameter (depends on the
utility, usually 0.25 mm) and crystallinity of the Au wire, the material of counter electrode
(noble metal ring), the immersion method, the number of steps, etc.10.16

Here we summarized the main findings of previous studies, including Au diameter,
electrode system, cathode, electrolyte, experimental steps, etching voltage and apex ra-

dius (Table 2.3).

Table. 2.3. A detailed summary of the previous reports of Au tip fabrication.

Paperinfo. | Audiam- | E-system | Cathode | Electrolyte | Step | Voltage Apex
eter radius
Mater. Sci. 0.25 mm 2E ? 0.8M-97% | Two | 8, 12,16, | 200-500
Eng.: B. 2000, KCN solu- 20V nm
74, 229 tion
Anal. Chem. 0.25 mm 2E ? 3 M NaCl Two | AC10V ?
2003, 75, 1089
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Appl. Phys. 0.25 mm 2E Auring | HClsolution | Two | 2.1,2.2, ?
Lett 2007, 91, 24V
101105
Rev. Sci. In- 0.25 mm 2E Auring | HClsolution | Two | DC2.2- | <30 nm
strum. 2004, (+ethanol) 24V
75, 837

Rev. Sci. In- 0.25 mm 2E Auring 3MNaClin | One | AC25V | 1511
strum. 2007, 1% HCIO4 nm
78, 113703

J. Vac. Sci. ? 2E Pt wire >37% HCI 0,05,1.0 | <50nm
Technol. B. solution \%

2008, 26, 1761

Rev. Sci. In- 0.25 mm 2E Pt ring 1 HCl:1etha- | Two DC, <50 nm
strum. 2013, nol <25V

84, 073702

Rev. Sci. In- | 0.125 mm Aguaregia | Two <50 nm
strum. 2007,

78, 103702

Rev. Sci. In- 0.25 mm 2E Pt foil 1 Two | 40 V—20 | £10 nm
strum. 2012, HCI:1EtOH Vv

83, 015102

Curr. Appl. 0.25 mm 2E Ptloop | 15wt% glyc- | Two | AC,3V 10 nm

Phys. 2011, 11,

1332

erol
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Rev. Sci. In- 0.2 mm 2E W rod 1 HCl:1letha- | One DC, 20 nm
strum. 2012, nol -15~+15
83, 103708 \%
J. Vac. Sci. 0.1 mm 2E Auring >37% fum- | Four | DC,0.5V | <50 nm
Technol. B. ing HCI
1995, 13, 1325
Eur. Phys. J. 0.25 mm 2E Pt wire HCl solution | Two | AC, 12V 8~20
Appl. Phys. nm
2005, 31, 139
Rev. Sci. In- 0.25 mm 2E Pt wire 38%HCI+96 | One | AC,25V | 20nm
strum. 2009, %H2S04
80, 033701 (1:2)
Rev. Sci. In- 0.1 mm 2E Carbon 37% fuming | One | DC,2.4V | =50 nm
strum. 2011, rod HCI+
82, 026101 demineral-
ized water
(1:1)
Nanotech. 0.1 mm 2E Pt ring KCl solution | One | DC,10V | 20~40
2011, 22, nm
025202
J. Vac. Sci. 0.1 mm 2E Auring | 37%HCl+eth | Thre DC, ?
Technol. B. anol e 1.8~2.2
2010, 28, 631 (1:1) Vv
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2.3 Scanning Tunneling Microscopy (STM)

Scanning tunneling microscope (STM) is an instrument for imaging surfaces at the
atomic level. Its development in 1981 earned its inventors, Gerd Binnig and Heinrich
Rohrer (at IBM Ziirich), the Nobel Prize in Physics in 1986.28 For the STM, good resolu-
tion is considered to be 0.1 nm lateral resolution and 0.01 nm (10 pm) depth resolution.?®
With this resolution, individual atoms within materials are routinely imaged and manip-
ulated. The STM can be used not only in ultra-high vacuum but also in air, water, and
various other liquid or gas atmosphere, and at temperatures ranging from near zero kelvin

to over 1000 °C.%°

2.3.1 Theory and working principle of STM3!

STM is the first member in the family of probe microscopes. Its working principle
is based on the electron tunneling effect, in which an electron passes through the narrow

potential barrier between a metal tip and a conducting sample in an external electric field

(Figure 2.7).
E
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Figure 2.7. Scheme of electrons tunneling through a potential barrier in STM. Reproduced

with permission from ref. 31.
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The STM tip approaches the sample surface with a distance of several Angstroms. This
forms a tunnel transparent barrier, the size of which mainly depends on the values of the
work function for electron emission from the tip (@) and from the sample (¢s). The
barrier can be evaluated by a rectangular shape with effective height equal to the average

work function ¢*:

. 1
¢" =5 (Pr+s).

From the theory of quantum mechanics®*%, the probability of electron tunneling (trans-

mission coefficient) through one-dimensional rectangular barrier is:

_lad? _ —kaz
4012 — ’

Where A, is the amplitude of electron wave function approaching the barrier; A; the
amplitude of the transmitted electron wave function, k the attenuation coefficient of the
wave function inside the potential barrier; AZ the barrier width. In the case of tunneling

between two metals, the attenuation coefficient is as below:

where m is the electron mass, ¢* the average work function of electron emission, h the
Planck constant. Tunneling current will appear if a potential difference V is applied to the

tunnel contact.
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Figure 2.8. Energy level diagram of tunneling contact between two metals. Reproduced

with permission from ref. 31.

Basically, electrons with energy near the Fermi level Er participate in the tunneling pro-
cess. In the case of contact between two metals, the current density can be expressed as

followings343:

Je = jo[o” exp(—AJ@*AZ) — (9" + eV) exp(—A/p* + eVAZ)], (1)
Where the parameters j, and A are set by the following expressions:

e 41

]OZW; A=T\/2m.

When the bias voltage is low (eV < ¢), the current density can be approximated by a

simpler expression. The first order approximation in the series expansion of
(=A™ + eVAZ) in expression (1) gives:
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AeVAZ
.t= .0 _A *AZ * *_( *+ V)'(l_ )l.
je = joexp(—A @ AZ) l<p Q" +e NS

Finally, for eV « ¢*, we get:

p* Vv

A eVAZ 4
Je = \/_ exp( A\/_AZ) hz Eexp(—rw/chp*AZ»

Because of the strong exponential dependence, a simpler formula is regularly used for

estimations and qualitative reasoning:

i = joV)e mFme2 )

in which the value j, (V) is assumed to be not dependent on the tip-sample distance. For
typical values (~4 eV) of the work function, the attenuation coefficient k is about 2 A,
Therefore, the current value varies with one order of magnitude when AZ changes about
1 A. Real tunneling contacts in the STM are not one-dimensional and have more complex
geometry; however, the basic features of tunneling in more complex models are the same,
as proved by experimental results.

For the high bias voltage (eV > ¢™), the well-known Fowler — Nordheim formula for

electron field emission into vacuum is derived from expression (1):

3
G4 8mV2m(p*)2AZ
) = Saher(az2)? &P 3ehV
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The exponential dependence (2) of the tunneling current on distance allows adjusting the
tip-sample distance with high accuracy. The STM is an electromechanical system with a
negative feedback. The feedback system FS keeps the tunneling current value at the con-
stant level (lo), selected by the operator. The control of the tunnel current value, and con-
sequently of the tip-sample distance, is performed by moving the tip along the Z axis with

the assistance of a piezoelectric element (Figure 2.9).

Figure 2.9. Simplified block-diagram of the feedback in STM. Reproduced with permis-

sion from ref. 31.

The image of a surface topography in STM is formed in two ways. In the constant
current mode (Figure 2.10a), the tip moves along the surface to perform raster scanning;
during this process, the voltage signal applied to the Z-electrode of a piezoelement in the
feedback circuit is recorded into the computer memory as a Z=f(x,y) function, and is plot-

ted by computer graphics then.
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Figure 2.10. Formation of STM images in the constant current mode (a) and in the con-

stant average distance mode (b). Reproduced with permission from ref. 31.

It is more effective to acquire the STM image in the constant height mode during in-
vestigation of atomic-smooth surfaces. In this case, the tip moves above the surface at a
distance of several Angstrom; the tunneling current changes are recorded as STM image
(Figure 2.10b). Scanning may be done either with the feedback system switched off (no
topographic information is recorded), or at a speed exceeding the feedback response speed
(only smooth changes of the surface topography are recorded). This way implements high
scanning rate and fast STM images acquisition, allowing to observe the changes occurring
on a surface in real time.

The high spatial resolution of the STM is due to the exponential dependence of the
tunneling current on the tip-sample distance. The resolution in the direction normal to the
surface can be achieved with fractions of Angstrom. The lateral resolution depends on the
tip quality. Specifically, it is determined not by the macroscopic curvature radius of the

tip apex, but by the atomic structure. If the tip was well prepared, there is either a single
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projecting atom on its apex, or a small cluster of atoms, whose size is much smaller than
the mean curvature radius. Actually the tunneling current flows between atoms on the
sample surface and the tip atoms. The atom, protruding from the tip, approaches the sur-
face to a distance comparable to the crystal lattice spacing. Since the dependence of the
tunneling current on the distance is exponential, the current basically flows between the

sample surface and the projecting atom on the tip apex.

Figure 2.11. Atomic resolution in a scanning tunneling microscope. Reproduced with per-

mission from ref. 31.

Using such tips, it is possible to achieve a spatial resolution down to atomic scale and

thus many interesting researches.

2.3.2 Instrumentation of STM

The components of an STM include scanning tip, piezoelectric controlled height and

X,y scanner, coarse sample-to-tip control, vibration isolation system, and computer.3¢
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Figure 2.12. Schematic of the working principle of an STM (http://en.wikipedia.org).

The resolution of an image is limited by the radius of curvature of the scanning tip of
the STM. Additionally, image artifacts can occur if the tip has two tips at the end rather
than a single atom; this leads to “double-tip imaging”, a situation in which both tips con-
tribute to the tunneling.?® Therefore, it has been essential to develop processes for con-
sistently obtaining sharp, usable tips. The tip is often made of tungsten or platinum-irid-
ium. Tungsten tips are usually made by electrochemical etching, and platinum-iridium
tips by mechanical shearing.?®

Due to the extreme sensitivity of tunnel current to height, proper vibration insulation
or an extremely rigid STM body is imperative for obtaining usable results. In the first
STM by Binnig and Rohrer, magnetic levitation was used to keep the STM free from
vibrations; now mechanical spring or gas spring systems are often used.*® In addition,

mechanisms for reducing eddy currents are sometimes implemented.
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Maintaining the tip position with respect to the sample, scanning the sample and ac-
quiring the data is computer controlled.3® The computer may also be used for enhancing
the image with the help of image processing®’-® as well as performing quantitative meas-

urements. 3940
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Chapter 3

Fabrication of Au tips by three-electrode electrochemical etching

3.1 Introduction

Au is one of the most commonly used materials to fabricate tips for a variety of local
spectroscopies such as scanning tunneling microscopy (STM), " tip-enhanced Raman
spectroscopy (TERS),®1° scanning near-field optical spectroscopy!®2®, electrochemical
scanning tunneling microscopy (EC-STM)?° and point-contact spectroscopy.?! It has high
free electron density and exhibits strong localized surface plasmon resonance (LSPR) in
the visible and near-infrared regions.*® In TERS, for example, the localized electric field
generated near the tip surface due to LSPR can strongly enhance Raman signal. Second,
Au has higher chemical stability than that of alkali metals and the other noble metals like
silver in air or an aqueous environment, which allows Au tip can be used for several sets
of experiments.?

Several methods to fabricate Au tips have been developed over the decades, mainly
including the follows: (1) electrochemical etching,®23 (2) chemical polishing,?* (3) ion
milling,?® (4) cathode sputtering,?® (5) whisker growth?”2° and (6) mechanical shaping.®®-
32 Among them, electrochemical etching, in which a metal wire is anodically dissolved in
an electrolyte, is widely used because of low cost and easy operation. In the previous
work, a two-electrode electrochemical system consisting of a working electrode (WE)
and a counter electrode (CE) has been applied to produce Au tips. However, etching con-
ditions such as chemical species and concentration of the electrolyte, the applied potential

and materials of the CE vary largely according to the electrochemical systems. In addition,

35



although the plasmon resonance wavelength and intensity strongly depend on tip shape,®*
% the relationship between which and etching parameters has not been well clarified yet.
In other words, the conventional methods with the two-electrode system have problems
with controllability and reproducibility.

Here, we apply a three-electrode electrochemical system consisting of WE, CE and
a reference electrode (RE) to fabricate Au tips for the first time. The Au tips are prepared
by etching of the Au wires at a constant anodic potential which is precisely controlled
against the potential of RE. The sharpness of the tips is well controlled and reproduced

by controlling the applied potential.

3.1.1 Background

Au has several unique intrinsic properties as follows: (1) Strong LSPR effect in the
visible region. Plasmon is an oscillation of electron density (cloud) in a metal, as illus-
trated in Figure 3.1. It has strong adsorption of light and can generate a localized electric
field. (2) Higher chemical stability. Au has an electrochemical potential which is the low-
est among metals.

Because of the several advantages, Au has been an excellent material for STM tips, as
mentioned in Chapter 1. Au tips also have wide applications in other local spectroscopies
(Figure 1.2). Therefore, it is of importance and necessity to fabricate smooth and sharp

Au tips with high controllability and reproducibility.
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Electric Field

Light Wave

cloud

Figure 3.1. Schematic of electron cloud oscillation in nanoparticles. Transverse and lon-
gitudinal axes stand for the light wave and electric field, respectively. (http://www.nano-

vexbiotech.com/gold-nanoparticle-sensing/)

3.1.2 Fabrication methods

The conventional two-electrode electrochemical etching system (Figure 3.2a) has
such advantages like low cost, easy operation and good reproducibility. It has simple
etching principle, for example, in a ClI" contained electrolyte, the reactions can be ex-

pressed as follows:

Au +4Cl™ = AuCl, + 3e™, Ey =0.804V (vs.Ag/AgCl)
Au + 2Cl™ = AuCl; + e, Ey, =0.956V (vs.Ag/AgCl)
AuCl; + 2C1~ = AuCly + 2e™, Ey=0.728V (vs.Ag/AgCl)

In comparison, a RE is introduced in the three-electrode system, which is shown in
Figure 3.2b. A salt bridge connects an electrochemical cell and RE. It is a novel approach

that has never been tried to fabricate Au tips.
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Figure 3.2. Schematics of the (a) two- and (b) three-electrode electrochemical etching

system.

We used an Ag/AgCl reference electrode (Figure 3.3). It has some advantages: (1) fast

electrode kinetics (100% efficiency), (2) a stable and well-known electrode potential

(0.198 V), and (3) acts as reference in measuring and controlling the WE’s potential and

no point passes current. The dynamic equilibrium expressions are:

Agt +e” = Ag (s)
AgCl(s) = Ag™ + Cl™

Overall: AgCl (s)+e~ = Ag (s)+Cl™
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Figure 3.3. A picture of the Ag/AgCl reference electrode. (https://www.als-ja-

pan.com/1388.html)

3.1.3 Problems of conventional electrochemical method

First, etching conditions (electrolytes, applied potentials and CE materials) vary
largely. Second, relationship between etching parameters and tip shape has not been well
clarified, as already described in detail in Section 2.2; electric field enhancement and
spatial resolution are closely related to tip shape (Figure 3.4).%”*® Third, poor controlla-

bility and reproducibility.
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tip and substrate. (a) Silver tips couple with a glass substrate. Reproduced with permission
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3.1.4 Goals

(1) To fabricate sharp Au tips with high controllability and reproducibility;

(2) Applications of Au tips in STM study.

3.2 Materials and set-up

3.2.1 Materials

An Au wire of 0.25 mm in diameter (99.95%, Nilaco Co.) annealed at 700 °C for 2
hours was used as a WE to prepare the tips. An Au ring with a diameter of 1 cm made of
the 0.50 mm diameter wire was employed as a CE. An Ag/AgCl/saturated KCI electrode
(ALS Co., Ltd) was applied as a RE. The electrolyte was a 2.79 mol-L* KCI (Wako Pure
Chemical Industries, Ltd.) aqueous solution. A salt bridge was made from the saturated

KCI aqueous solution and agar (Wako Pure Chemical Industries, Ltd.).

3.2.2 Experimental set-up

The Au ring was immersed into the solution and then lifted up to form a meniscus at
the interface between the ring and solution. The Au wire was positioned at the center of
the ring and immersed in the solution with ~1 mm in depth. The Au tips were fabricated
by the three-electrode electrochemical etching system (Figure 3.2b). The applied DC po-
tential to the WE was 1.1-1.5 V, which was precisely controlled against RE. By using a
potentiostat (VersaSTAT 4, Princeton Applied Research), the real-time change of anodic
current during etching was monitored. The etching process was automatically terminated

at an optimal set point in order to avoid the problem of over-etching.® The as-prepared
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tips were carefully washed with ultrapure water to remove residual impurities on the sur-

face.

3.3 Experimental

3.3.1 Cyclic voltammetry (CV) measurement

Electrochemical reactions on the Au wire were analyzed with the CV measurements
which provide quantitative information on oxidation and reduction reactions. The CV
measurements were performed in the potential region between -0.4 V and 1.1-1.5 V with
the same electrochemical set-up as used for Au tip fabrication. Both the initial and end
points for the scan were fixed at -0.4 V and the turning point was setat 1.1, 1.2, 1.3, 1.4

and 1.5 V. The scan rate was 0.01-1.0 V/s.

Figure 3.5 shows CV curves on the Au wire obtained in the KCI aqueous solution in

the potential range between -0.4 V and 1.1, 1.2, 1.3, 1.4 and 1.5 V, with sweep rate of 1

VIs.
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Figure 3.5. CV curves on the Au wire obtained in the KCI aqueous solution in the poten-

tial range between -0.4 Vand 1.1, 1.2, 1.3, 1.4 and 1.5 V, with a sweep rate of 1 V/s.

The onset potential of oxidation is 0.83 V in the positive potential sweep, and the anodic
current increases almost linearly until 1.3 V. The oxidation process of the Au electrode
was investigated in a sulfuric acid solution containing chloride ions (CI") and two possible

oxidation reactions were proposed.

Au + 4Cl™ = AuCl; + 3e™, E, =0.804V (vs.Ag/AgCl) (1)

Au+ 2Cl1” = AuCl; +e™, Ey, =0.956V (vs.Ag/AgCl) 2

The in situ measurement of the dissolution of Au with an electrochemical quartz crystal

microbalance clearly demonstrated that Au dissolves through the 3e” oxidation reaction.*
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In the presence of CI, the adsorption of CI" on the Au surface suppresses the formation
of Au oxides.*® Our observed onset potential (0.83 V) almost corresponds to the reported
value of the reaction (1). Therefore the Au wire is dissolved in the KCI solution in the
anodic potential range between ~0.83 V and ~1.3 V (Figure 3.5a-c). The anodic peak was
observed at ~1.34 V (Figure 3.5d, point A), and the current continuously decreases at the
higher potentials. The previous study revealed that there is a potential boundary between
the lower potential region where the dissolution reaction is dominant and the higher po-
tential region where both the dissolution and the oxide formation reactions occur at the
same time.*® Thus, the decrease in the anodic current at > 1.34 V results from the com-
petitive reactions between the dissolution of Au and the formation of Au oxides which
act as a passivation layer to inhibit the dissolution process. In addition, a sudden drop at
~1.45 V was observed (Figure 3.5e, point B). This is attributed to the surface of the Au
wire fully covered with the oxide film.

In the negative potential sweep shown in Figure 3.5a-d, a cathodic peak appears at 0.4-
0.45 V due to the reduction reaction of AuCls formed by the dissolution of Au. Intensities
and positions of the peaks depend on the amount of AuCls species. In contrast, once the
Au surface is fully covered with the Au oxide film (Figure 3.5€e), no current flows until
~0.6 V and a broad cathodic peak was observed. In the case of the CV curve of the Au
electrode obtained in HCIO4 solution containing CI, two cathodic peaks of the reduction
of Au oxides and AuCls were detected and the peak at the more positive potential was
identified as the dissolution of the oxides.*® Therefore, the broad peak consists of two
overlapped peaks corresponding to the reduction reactions of the Au oxides and AuCly’,

and the reduction of the Au oxides occurs prior to the reduction of AuCls".
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Next we overlapped the CV curves of the Au wire obtained in the KCI aqueous solution
in the potential range between -0.4 VV and 1.1, 1.2, 1.3, 1.4 and 1.5 V with sweep rate of

1 V/s, as shown in Figure 3.6.
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Figure 3.6. Overlapping of the CV curves of an Au wire of 0.25 mm in diameter obtained
in the 2.79 mol-L* KCI aqueous solution in the potential region between -0.4 V and (a)
1.1,(b)1.2,(c) 1.3, (d) 1.4 and (e) 1.5 V. The CV curves were successively obtained from

(@) to (e) with the same Au wire. Sweep rate is 1 V/s.

In addition, the dependence relationship between sweep rate and CV was also investi-
gated. Figures 3.7 and 3.8 indicate the corresponding results obtained at 0.01 V/s and 0.1
Vs, respectively. As a whole, the variation tendencies are similar with the case of 1 V/s,
but still have some differences. Specifically, fluctuations appear during the scan in range
from -0.4 V to 1.4/1.5V, at 0.01 V/s. The position starts from 1.2 V and ends at 1.4 V

(Figure 3.7d, e). The current is always larger than zero during negative scan, and both all
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the curves perfectly coincide in the range of -0.4 V and 0.8 V. It is noteworthy that the
negative-scan current has same tendency with positive-scan one when the potential is less
than 1.4V, in the range from -0.4 VV to 1.5V (Figure 3.7¢). At 0.1 V/s, however, the result
presents its own distinguishing features. Although the noises disappear, yet the shape at

high potential differs. And reduction reaction starts to occur (0.4 V-0.6 V).
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Figure 3.7. Overlapping of the CV curves of an Au wire of 0.25 mm in diameter obtained

in the 2.79 mol-L! KCI aqueous solution in the potential region between -0.4 V and (a)

1.1,(b)1.2,(c) 1.3, (d) 1.4 and (e) 1.5 V. The CV curves were successively obtained from

(a) to (e) with the same Au wire. Sweep rate is 0.01 V/s.

46



Current (mA)

T —

-0].4'-0l.2' 0:0 ' 0:2 ' 014 ' 026 ' 018 l 110 ' 1:2 l 1:4 ' 1.I6
Potential (V vs. Ag/AgCl)

Figure 3.8. Overlapping of the CV curves of an Au wire of 0.25 mm in diameter obtained

in the 2.79 mol-L* KCI aqueous solution in the potential region between -0.4 V and (a)

1.1,(b) 1.2,(c) 1.3, (d) 1.4 and (e) 1.5 V. The CV curves were successively obtained from

(@) to (e) with the same Au wire. Sweep rate is 0.1 V/s.

3.3.2 Current-etching time (I-t) measurement

The Au tips were prepared by applying a constant potential to the Au wire according
to the CV curves. The intensity of the anodic current is proportional to the surface area of
the Au wire immersed in the solution, and thus the current trace reflects the progress of
etching. Figure 3.9 show the applied potential dependence of I-t curves. The annealing
temperature is 300 °C. The annealing time are (a) 2 h, (b) 5 h, (c) 8 h, and (d) 12 h,
respectively. From the following results, we can see that the applied potential largely

affects the etching time. So the etching time is the longest (~480 s) at 1.1 V. The etching
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time remarkably decreases when the potential is 1.2 V. Notably, only the dissolution re-
action is induced at <1.3 V, but on the other hand, both the dissolution and oxide for-
mation reactions occur at 1.4 V as described above. In addition, several spike peaks ap-
pear in the current trace during etching at 1.4 V due to the formation of bubbles resulting
from the generation of Cl> gas on the Au wire. The sudden drop of the current right after

applying potential at 1.5 V is attributed to a rapid formation of the passivation layer of

the Au oxide.
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Figure 3.9. Applied potential dependence of I-t curves for the Au wires annealed at dif-

ferent time: (a) 2 h, (b) 5 h, (c) 8 h, and (d) 12 h, respectively. The annealing temperature

is 300 °C.

The Au wires were also annealed at other temperatures, including 500 °C, 700 °C, and
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900 °C. Figure 3.10, Figure 3.11, and Figure 3.12 are the according experimental results,

respectively.
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Figure 3.10. Applied potential dependence of I-t curves for the Au wires annealed at dif-

ferent time: (a) 2 h, (b) 5 h, (c) 8 h, and (d) 12 h, respectively. The annealing temperature

is 500 °C.
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Figure 3.11. Applied potential dependence of I-t curves for the Au wires annealed at dif-

ferent time: (a) 2 h, (b) 5 h, (c) 8 h, and (d) 12 h, respectively. The annealing temperature

is 700 °C.
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Figure 3.12. Applied potential dependence of I-t curves for the Au wires annealed at dif-

ferent time. The annealing temperature is 900 °C.
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These results are so similar that we can’t determine which annealing condition is the
optimal. SEM characterization is good way to solve the problem, which will be discussed

in the following.

3.3.3 A scanning electron microscope (SEM)

The Au tips were observed with a field emission scanning electron microscope (FE-
SEM, JSM-6330F, JEOL) to evaluate a radius of curvature (R) and a cone angle (). The
accelerating voltage and working distance were 20 kV and 8 mm, respectively.

First of all, to illustrate the importance of annealing treatment, we selects four typical
tips: tip 1 and tip 2 are prepared with an as-received Au wires; tip 3 and tip 4 are fabricated
with the wires annealed at 300 °C for 2 hours. The applied potential are same (1.3 V). The
FE-SEM images are indicated in Figure 3.13. Tips 1 and 2 (Figure 3.13a, b) have rough
and sawteeth-like surfaces, thus it is difficult to estimate the radius of curvature. On the
contrary, the tips fabricated with annealed wires have very smooth surface and sharp end,
seen from Figure 3. 13c, d. This mainly resulted from the better crystallization after an-
nealing treatment, during which the grains gradually grow up and combine with each

other, approaching to form a single crystal %%
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Figure 3.13. Field emission-scanning electron microscope images of the typical Au tips.
(@), (b) stand for tip 1 and tip 2, which are fabricated with the as-received wires. (c), (d)
stand for tip 3 and tip 4, which are fabricated with the annealed wires. The annealing

condition is 300 °C for 2 h.

A variety of annealing treatments were adopted to the as-received Au wires. The an-
nealing temperatures are 300 "C, 500 °C, 700 °C and 900 °C, respectively. The annealing
time includes 2, 5, 8, and 12 h. Figure 3.14-17 are the applied potential dependences of
the SEM images of tips prepared by using the Au wires annealed at 300 °C but with
different hours. These results are very similar and the tip radius can be decades of na-
nometers even the pre-annealing time is 2 hours. So for energy and time saving, we se-

lected “2 hours” as the optimal annealing time.
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300 nm

Figure 3.14. FE-SEM images of the Au tips fabricated at different applied potentials by
using the wires annealed at 300 °C for 2 h. (a) 1.1V, (b) 1.2V, (c) 1.3V, (d) 1.4 V, and

(€) 1.5 V.
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Figure 3.15. FE-SEM images of the Au tips fabricated at different applied potentials by

using the wires annealed at 300 °C for 5h. (a) 1.2V, (b) 1.3V, and (¢) 1.4 V.
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500 nm

Figure 3.16. FE-SEM images of the Au tips fabricated at different applied potentials by

using the wires annealed at 300 °C for 8 h. (a) 1.2V, (b) 1.3 V, and (c) 1.4 V.

100 pum 10 um

100 pm

Figure 3.17. FE-SEM images of the Au tips fabricated at different applied potentials by

using the wires annealed at 300 °C for 12 h. (a) 1.2V, (b) 1.3 V, and (c) 1.4 V.

After many trials, we found that the average radius of tips can be the smallest when the

700 °C annealed wires were used. Figure 3.18 shows the typical SEM images of Au tips
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fabricated at 1.3 V by using the wires annealed at 700 °C for 2 h. Therefore, the optimal

annealing condition is “700 °C, 2 h”.

100 pm

Figure 3.18. FE-SEM images of three Au tips fabricated at 1.3 V by using the wires an-

nealed at 700 °C for 2 h.

The dependence relationship between applied potential and tip morphology was inves-
tigated, as shown in Figure 3.19. We can see that the whole shape of Au tips is closely
related to the applied potential. Besides, the length of etched part shortens as the applied
potential increases from 1.1 to 1.4 V. According to the videos recording the etching pro-
cesses, the final shape of the tips is not determined by the shape of the meniscus but by
the reaction rate controlled by the applied potential, because the tip was still immersed in

the solution after the etching was stopped. The shape of the wire didn’t change at 1.5V,
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which corresponds to the current change shown in Figure 3.9.

200 um szl 100 pm

100 pum

Figure 3.19. Low magnified FE-SEM images of the Au tips fabricated under different

applied potentials. (a) 1.1V, (b) 1.2V, (c) 1.3V, (d) 1.4V and (e) 1.5 V.

With the SEM data, length of etched part (L) of the Au tips prepared at different applied
potentials was measured. Figure 3.20a is schematic of the tip shape. Figure 3.20b are the
values of L of six tipsat 1.1V, 1.2V, 1.3V, and 1.4 V. The value is larger than 500 um at
1.1 V. However the L shortens to ~300 um when the potential increases to 1.2 V and 1.3

V, and becomes much shorter at 1.4 V.
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Figure 3.20. Length of etched part (L) of the Au tips prepared at different applied poten-
tials. (a) Schematic of the tip shape, indicating L. (b) The values of L of six tips at 1.1V,

1.2V, 1.3V,and 1.4 V.

3.3.4 Radius (R) and cone angle (6)

The LSPR properties of plasmonic tips are evaluated by a radius of curvature (R)
and a cone angle () as described in Figure 3.21a% of which values are extracted from the
high-magnification SEM images. Figure 3.21b shows the potential dependence of R and
6. The R of the Au tips prepared at 1.1 V was 1.6 £ 0.1 um, which is much larger than
that of conventional Au tips applied to TERS.8* When the applied potential is 1.2 V, the

sharp tips with small R (50.5 £+ 18.7 nm) was obtained. The sharpest tips were available
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at 1.3 V (R = 15.7 £ 2.5 nm). In contrast, the R obtained at 1.4 V is larger than that
obtained at 1.3 V. This is because the competitive reactions between the dissolution and
the oxide formation retard the flow of electrons. In addition, the bubbles formed at the
Au surface would also affect the tip morphology. Therefore, R is well controlled by the
applied potential. On the other hand, the values of 8 obtained at 1.1-1.4 V are almost same
and thus are not controlled by the applied potential (Figure 3.21b); it is influenced by the
viscosity of the electrolyte solution, concentration of the electrolyte, thickness of electri-
cal double layer on Au surfaces and so forth. However, it is difficult to identify the influ-

ential factor, because these factors would change the optimized etching potential.
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Figure 3.21. (a) The schematic model of the Au tip with a radius of curvature (R) and a
cone angle (). (b) Applied potential dependence of R and &. Each point is averaged from

6 tips.

To further supplement the Figure 3.21, all values of the R and & of six tips prepared at

1.1V,1.2V,13V,and 1.4V are provided in Figures Figure 3.22 and Figure 3.23.
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Figure 3.22. Radius of curvature (R) of Au tips prepared at different applied potentials.

@ 1.1V, (b) 1.2V, (c) 1.3V, and (d) 1.4 V.
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Figure 3.23. Cone angle (#) of Au tips prepared at different applied potentials. (a) 1.1V,

(b) 1.2V, (c) 1.3V, and (d) 1.4 V.
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3.3.5 Linear sweep voltammetry (LSV) measurements

The LSV measurements were performed before and after the fabrication of Au tips,
for both the two- and three-electrode electrochemical etching systems to evaluate the sta-
bility of the applied system. The LSV curves were obtained with fresh Au wires which
were not used for tip making. The LSV measurement and the tip making process were
performed in turn. The initial and end points of the potential sweep were 0V (-0.4 V) and
3.5V (1.5 V) with two- (three-) electrode electrochemical system. The sweep rate was
set at 0.1 V/s. Other conditions such as the voltage source, the electrolyte and the counter
electrode were totally same.

The high reproducibility of tips has been required for practical applications of TERS
because it is directly related to the reproducibility of the tip-enhancement effect.*1*2 The
good controllability of the tip shape would be mainly based on the high stability of the
etching system leading to good reproducibility of the etching process. In order to examine
the stability of the electrochemical etching conditions, LSV measurements were carried
out, comparing between the three-electrode and the conventional two-electrode electro-
chemical etching systems (Figure 3.24). The LSV curve obtained in prior to tip making
(Figure 3.24a-1st) is identical to the CV curve in the positive potential sweep at 0.1 V/s.
After the first Au tip was prepared at 1.3 V with a fresh Au wire, the LSV curve was
measured with the same electrolyte solution with a different fresh Au wire (Figure 3.24a-
2nd). The LSV measurement and the tip making process were performed in turn. Both
the shape and the potential range of the curve are almost identical even after the prepara-
tion of 9 tips. This indicates that the etching condition didn’t change largely during the

tip fabrication process although both the wire of CE and the concentration of Au ions in

61



the electrolyte changed as shown in Figure 3.25. Note that the small differences among
the peak heights are caused by the error of the immersed depths of the wire.

The same analysis was performed with the two-electrode electrochemical etching sys-
tem in the potential region near the anodic peak (Figure 3.24b). Although the initial shape
of the curve is similar to the curves obtained with three-electrode electrochemical system,
a shoulder at ~2 V appears gradually after the fabrication of few tips. With etching reac-
tion going, the concentration of CI" in electrolyte solution gradually decreases, thus less
amount of CI" are provided and more electrons are needed to keep the etching reaction.
Furthermore, the successive potential shift of the anodic peak was observed. Uinterface
(voltage between the CE and etching position) is kept as constant in the etching process;
with the increase of “IR” (etching potential), Uout (applied potential) increases accordingly.
So the potential shifts to the more positive direction. Thus, the weak point of two-elec-
trode system is fluctuation of the electrochemical potential, which makes instability in
the etching condition. In other words, the preparation of the Au tips with two-electrode
electrochemical etching system has a critical problem about both stability and reproduci-
bility, which deteriorates the controllability of the tip shape. In contrast, the three-elec-
trode electrochemical etching system exhibits high stability leading to good reproducibil-

ity because of the electrochemical potential well controlled against RE.
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Figure 3.24. LSV curves in the positive potential sweep obtained with the (a) three- and
(b) two-electrode electrochemical etching systems in the same electrolyte solution. The
curves were measured with fresh Au wires before and after the fabrication of tips. The
1st curve was obtained in prior to tip making. The 2nd curve was measured after the first
Au tip was prepared at 1.3 V with a fresh Au wire. The LSV measurement and the tip

making were performed in turn. Scan rate is 0.1 V/s.
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Figure 3.25. A brief structure diagram of the three-electrode electrochemical etching sys-

tem.

For the three-electrode system, the Ag/AgCl reference electrode was then replaced with
an Au reference electrode and the same LSV measurement was carried out (Figure 3.26).
The overall trend is similar to the 3-electrode system case above (Figure 3.25a). The con-
centration of Cl” gradually decreases with etching going and there’s no supplementary

source, so the measured anodic potential slightly shifted.
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Figure 3.26. LSV curves in the positive potential sweep obtained with the three-electrode

electrochemical etching systems with Au reference electrode.
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We took pictures of some parts before and after our tip making experiment, and found
some interesting phenomena. The new counter electrode (CE) made of a Au ring has
smooth surface with metallic luster. However, the ring becomes dark after the fabrications
of several tips, which is caused by the Au oxides on the surface of CE (Fig. 3.27b). The
yellow color of the electrolyte solution results from the Au ions produced during the etch-

ing process.

Figure 3.27. The pictures of the Au counter electrode (a) before and (b) after tip making,
respectively. The pictures of the KCI electrolyte solution (c) before and (b) after tip mak-

ing, respectively.

3.4 Conclusions

We fabricated Au tips with high reproducibility and controllability by electrochem-
ical etching at a constant anodic potential in a KCl aqueous solution with a three-electrode
electrochemical etching system. The curvature of radius was controlled by the applied

potential. The electrochemical analysis revealed that the stability of the three-electrode
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electrochemical etching system is much higher than that of the conventional two-elec-
trode electrochemical etching system. The Au tips with the sharpness obtained at 1.3 V
would be applicable not only as STM tips with high spatial resolution but also as probes

exhibiting strong field enhancement in TERS.
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Chapter 4

Single molecular STM study

4.1 Introduction

Studies of single-molecule reactions on surfaces using STM provide unprecedented
insight into the structure of reactants and products, as well as the reaction pathways.*
Photo-induced dissociation is one of the important applications of solar energy. Never-
theless, it is infeasible to realize this reaction for the small molecules in gas and liquid
phases because of the wide energy gap between frontier molecular orbitals, such as high-
est occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO).> UV light-induced molecular photochemistry on single-crystalline metal sur-
faces has been widely studied.4

Two excitation mechanisms were proposed for the UV light-induced surface dynamics
of adsorbates on metal surfaces, as shown in Figure 4.1.5 In the indirect excitation (Figure
4.1a), hot electrons generated in a bulk metal transiently enter the unoccupied states of
the adsorbates through an inelastic scattering process, determined by the density of hot
electrons in the metal substrate.®® This is the primary pathway of photochemical reactions
on metal surface, and only a few experimental observations belong to direct mecha-
nism.88.10-12 Photo-induced dissociation via direct excitation of the frontier electronic
states of an adsorbate on a metal substrate has been reported for physisorbed (Figure 4.1b)

and chemisorbed molecules (Figure 4.1c).
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Figure 4.1. (a—c) Excitation mechanisms of UV-induced reactions on metal surfaces. The
light gray area illustrates the energy distribution of hot electrons. (d) Excitation mecha-
nism of visible light-induced dissociation on metal surfaces. Reproduced with permission

from ref. 5.

Molecule—surface interaction results in the reconstruction of interfacial electronic
structures. Consequently, a new opportunity for chemical reactions with visible light can
be provided by molecular adsorption on solid surfaces. Visible light-induced dissociation
using both plasmonic noble metal'>*” and non-plasmonic transition metal*¢1° nanoparti-

cles has been achieved. Atomically well-defined surfaces of metal single crystals allows
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us to investigate the photo-induced surface dynamics and the changes in electronic struc-
ture.20-22

In this chapter, | report plasmon-induced dissociation of dimethyl disulfide (DMDS)
on Au(111) surface. Localized surface plasmon is excited by visible light as described in
chapter 3. Figure 4.2 shows a schematic of my experimental set-up. A quantitative anal-
ysis of the STM images revealed that S—S bond dissociation was induced by the plasmon
under visible-light irradiation.?-% Hybridization between the molecule and metal reduces
the energy gap between the frontier molecular electronic states derived from the HOMO
and LUMO of DMDS in the gas phase, resulting in an energy gap accessible with visible
light.5 Particularly, the LUMO-derived MOs overlap with the metal surface and so life-

time of the photo-excited state becomes long enough to induce dissociation (Figure 4.1d).

Au tip

Plasmonic field

Au(111)

Figure 4.2. Schematic of plasmon-induced dissociation of a single molecule on Au(111)

substrate with an Au tip.

Previous STM studies revealed the tunneling electron-induced dissociation of adsorbed
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molecules on noble metal surface.3-*¢ As for a single DMDS molecule, dissociation reac-
tions occurred on Au(111) surface with a W tip.** Figure 4.3 shows the STM images be-
fore and after dissociation of DMDS molecules reported by J. Yates’s group. The disso-
ciation likely occurs via electronic excitation of the molecule due to the relatively high
threshold energy (~1.4 V). Surprisingly, the trans-conformation of the parent DMDS mol-
ecule is often reflected in the relative position and alignment of two product CHsS species,
which are grouped into trans-pairs. The orientation of the DMDS molecule on the surface
(the direction of its S-S bond) is also retained in dissociation because the trans-pairs are

related to each other by the same symmetry operations as their parent DMDS molecules.

Figure 4.3. Electron-induced dissociation of DMDS molecules on the Au(111) surface as
seen by STM. The products retain the conformation and orientation of the parent mole-
cules: molecules 1 and 3 are identical, producing identical CHsS trans-pairs. Molecules 1
and 2 are offset mirror images of each other, and so are the product trans-pairs of CHsS
species (dashed blue line is the mirror plane). Reproduced with permission from ref. 34.

Figure 4.4 indicates the schematics before and after dissociation.

72



Figure 4.4. Models of (a) DMDS molecule on the Au(111) surface and (b) the two CHsS

products after electron-induced dissociation. Reproduced with permission from ref. 35.
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Figure 4.5. STM images and current traces of tunneling electron-induced reactions on
Ag(111) with a Ag tip. The tunneling conditions are (a) Vs = 0.30 V, I = 8.0 nA, and (b)
Vs=0.38V, It=8.0 nA. The current changes indicated by red and green arrows correspond
to rotation and dissociation, respectively. The black star indicates tip position. The scale

bars in the STM images are 0.5 nm. Reproduced with permission from ref. 36.

Most recently, Kazuma et al. found both rotation (Figure 4.5a) and dissociation (Figure
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4.5b) occurred on Ag(111) surface with W tip through vibrational excitation of inelas-
tically tunneled electrons.®® What’s more, dissociation induced with tunneling electrons
was accompanied by rotation, which results in small changes in I followed by its sudden

drop.

4.2 Experimental

4.2.1 Plasmon-induced dissociation of a DMDS molecule

All the measurements were carried out at 5.0 K with a low-temperature STM (Omi-
cron GmbH) under ultrahigh vacuum below 5.0x10* Torr. The Au(111) surface was
cleaned by several cycles of Ar*-ion sputtering and annealing at ~660°C. The adsorbate
molecules (DMDS) were deposited by evaporation from a glass ampule at room temper-
ature. The temperature of the substrate was <50 K. Scanning conditions for obtaining
STM images were Vs = 30 mV, It = 0.2 nA. To generate plasmon, Au tips were used for
this experiment.

The light was p-polarized and introduced into the STM chamber through a view port
(transmittance >95% at 365—1000 nm) with an incident angle of 25°to the sample surface.
The light was collected by lenses outside of the chamber and concentrated on the sample
surface with a spot diameter of ~1.2 mm. The visible light sources was a Xe lamp (Laser
Driven Light Source, TOKYO INSTRUMENTS, INC) equipped with 670 nm bandpass
filter (fwhm = 10 nm, THORLABS). The light intensity was tuned with an ND filter
(THORLABS) and was evaluated with an optical power meter (THORLABS) and a dual

scanning slit beam profiler (THORLABS).
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4.2.2 Tunneling electron-induced dissociation of a single DMDS

molecule

All the measurements were carried out at 5.0 K with a low-temperature STM (Omi-
cron GmbH) under ultrahigh vacuum below 5.0x10 Torr. The Au(111) surface was
cleaned by several cycles of Ar*-ion sputtering and annealing at ~660°C. The adsorbate
molecules (DMDS) were deposited by evaporation from a glass ampule at room temper-
ature. The temperature of the substrate was <50 K. Scanning conditions for obtaining
STM images were Vs = 30 mV, It = 0.2 nA. A tungsten (W) tip is used during the whole

measurements.

Figure 4.6. A picture of our scanning tunneling microscopy

4.3 Results and Discussion

First of all, STM imaging of the Au(111) surface was carried out. We applied differ-
ent bias voltages (-3V, -2V, -1V, 1V, 2V, and 3 V) and the results were shown in Figure

4.7. The typical herringbone reconstructions of Au(111) can be seen clearly, indicating
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that the Au tips are available and stable.

Figure 4.7. STM images of the Au(111) surface at different bias voltages. (a) -3V, (b) -2

V, (c)-1V,(d) 1V, (e) 2V, and (f) 3 V. The tunneling current is fixed at 1 nA.

After the target molecules were deposited, we tried to obtain the STM image again.
From the result in Figure 4.8, the light spots are the DMDS molecules, mainly located at
the spaces among the herringbones. The lightest spots are the molecular clusters, and the
medium light spots may be dimers.

To obtain high resolution STM images, the atomic apex of the tip is more important
than geometrical parameters of R and 4. In the case of conventional tungsten tips, the
cleaning process by applying high bias voltage pulse to remove oxide and contaminations
on tip surface is necessary to obtain high resolution STM images. This cleaning process

changes not only atomic apex but also geometrical shape of the tip such as R. In contrast,
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our Au tips with smooth surfaces are chemically stable and hardly deteriorate due to con-
tamination. Thus, our Au tips are expected to be used as stable plasmonic tips without

shape changes caused by applying high bias voltage.

Figure 4.8. A typical STM image of the DMDS molecules on Au(111) surface. The scan-

ning condition is Vs = 30 mV, It = 0.2 nA.

Based on the work above, now we can carry out the trial of plasmon-induced dissocia-
tion of the same molecule. After duration of 1 minute with the visible light pulse (670 nm,
2.64 mW), the dissociation of a single molecule occurred; then we repeated the same
excitation and after 5 minutes, the second plasmon-induced dissociation reaction occurred
(Figure 4.9). With regard to the mechanism, we already discussed in the Introduction part:
hybridization between the molecule and metal reduces the energy gap between the fron-
tier molecular electronic states derived from the HOMO and LUMO of DMDS in the gas
phase, resulting in an energy gap accessible with visible light. The LUMO-derived MOs

overlap with the metal surface and so lifetime of the photo-excited state becomes long
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enough to induce dissociation (Figure 4.1d).

Figure 4.9. Plasom-induced dissociation of a single DMDS molecule on Au(111) surface.
The excitation source is visible light with wavelength of 670 nm. The white star indicates

tip position. Dot circles indicate the dissociated molecules.

We can estimate the range of plasmonic field by some skills. Dr. Kazuma and her col-
laborators analyzed plasmonic field, by division of the STM image into four areas (Figure
12a). Then they obtained the time dependence of the dissociation ratio by statistics. The
value for Area 4 is almost zero which indicates that there’s almost no reactions in this
region.

Now go back to my case, there are three molecules in the surrounding of the STM tip.
But only two of then finally dissociated under the irradiation of the 670 nm visible light.
So the size of the plasmonic field is almost equivalent to the horizontal distance of the
molecule and the tip. It is about a circle with diameter of 3 nm and the center is the point
of Au(111) surface that the tip right pointed. This is not so accurate because of lack of

systematic data.
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Figure 4.10. Real-space investigations of the plasmon-induced chemical reaction. (a)
Schematic illustration of the experiment for the real-space investigation of the plasmon-
induced chemical reaction in the nanogap between a Ag tip and a metal substrate, and
division of the STM image into four areas depicted with 10-nm wide concentric rings for
analysis. (b) Time dependence of the dissociation ratio (N/Ng) under irradiation with p-
polarized light at 532 nm in the four areas shown in (a). Reproduced with permission

from ref. 36.

Figure 4.11 demonstrates the process of electron-induced dissociation of a single
DMDS molecule. Under the pulse of Ve = 0.8 V, and le = 0.25 nA, the position of target
molecule had no change (Figure 4.11a). After a pulse of Ve = 0.9V, and le = 0.2222 nA,
the rotation reaction occurred but not dissociated (Figure 4.11b). Then we further in-
creased the bias voltage to 1.0 V (current of 0.2 nA), and the dissociation reaction oc-
curred (Figure 4.11c).

To explore the dissociation mechanism, we fixed the current at 40 nA. Then the bias

voltage is gradually increasing from zero, and we found the target molecule kept stable
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until 0.35 V. After the pulse of 0.36 V, dissociation reaction occurred (Figure 4.12b). So
the threshold energy is 0.36 V, which corresponds to the energy of C-H stretching vibra-
tion mode, reported for the monolayer of DMDS on Au(111).%”

J. Yates group reported that the threshold energy of dissociation of S-S bond in DMDS
on Au(111) surface was ~1.4 V. The tunneling current they applied was 20 pA, which was
too small to find a real threshold energy. Thus, | conclude that the dissociation of DMDS
on Au(111) is induced via vibrational excitation by injecting tunneling electrons at >

0.36 V.
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Figure 4.11. Tunneling electron-induced dissociation of a single DMDS molecule on
Au(111) surface with a W tip. (a-c) and (d, e) are the STM images and the corresponding
current traces, respectively. The excitation conditions are (a) Ve = 0.8V, le = 0.25 nA, (b)

Ve=0.9V, e =0.2222 nAand (¢c) Ve=1.0V, e = 0.2 nA.
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Figure 4.12. Mechanism exploration of tunneling electron-induced dissociation at a fixed

current of 40 nA. The bias voltages are 0.35 V (a-b) and 0.36 V (b-c).

In addition, independent rotation and desorption reactions were also found at threshold
energy (Figure 4.13). The recorded current trace can be a powerful proof. As seen from
Figure 4.13a, the current is continuously fluctuating during the bias pulse, indicating the
target molecule is rotating in the whole process. In comparison, the current fluctuation

terminated during the pulse because the molecule has already desorbed at that time.

(b)

036V 036V

40 nA 40 nA

Figure 4.13. STM images before and after (a) rotation and (b) desorption reactions at the
threshold energy of 0.36 V. The lower part indicates the current trace during excitation.

The current was fixed at 40 nA.
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4.4 Conclusions

Plasmon-induced reaction of a single DMDS molecule on Au(111) with a Au tip was
carried out with a 670 nm-visible light. Dissociation reaction successfully occurred. Any
molecular motion such as rotation, translation and desorption was not observed. Tunnel-
ing electron-induced reaction of the same molecule on the same substrate with a W tip

was investigated. Three reactions of dissociation, rotation and desorption were found.

Table 4.2 Plasmon-induced and tunneling electron-induced reactions of a single DMDS

molecule on different substrate with different tip.
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Chapter 5

Conclusions and outlook

Sharp Au tips were fabricated with high reproducibility and controllability by elec-
trochemical etching at a constant anodic potential in a KCl aqueous solution with a three-
electrode electrochemical etching system. The curvature of radius was controlled by the
applied potential. The electrochemical analysis revealed that the stability of the three-
electrode electrochemical etching system is much higher than that of the conventional
two-electrode electrochemical etching system. The Au tips with the sharpness obtained
at 1.3 V would be applicable not only as STM tips with high spatial resolution but also as
probes exhibiting strong field enhancement in TERS.

Plasmon-induced reaction of a single DMDS molecule on Au(111) with a Au tip was
carried out with a 670 nm-visible light. Dissociation reaction successfully occurred. Any
molecular motion such as rotation, translation and desorption was not observed. Tunnel-
ing electron-induced reaction of the same molecule on the same substrate with a W tip

was investigated. Three reactions of dissociation, rotation and desorption were found.
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