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Chapter 1 General Introduction
Chapter 1

General Introduction

1-1. Historical Introduction of Electrical Double Léyers

Electrical double layers, which are formed at the interfaces between
metal electrodes and aqueous electrolyte vsolutions, have been investigated for
more than a century. About one hundred and fifty years ago, Helmholtz [1]
discovered that thé interface exhibits the properties of an electric capacitor in
the solution. To account for this phenomenon, Helmbholtz proposed a model of
the interface: all the excess charges on the metal are located at the surface, and
a rigidly held layer consisting of oppdsitely charged ions is formed to be a
plane parallel and close to the surface of the electrode in the soiution. This is
the so-called Helmholtz model of a parallel-plate-capacitor for the electrical
double layer. Figure 1-1(a) and (b) schematically show the Helmholtz model
and the potential across the interface, respectively. This model takes no
account of the dependence of the measured capacitance on the potential or thé
solution concentration, although the change in the values of capacitance in
Jdifferent electrolytes could be attributed to the variation of the layer thickness
d including the adsorbed ion radius.‘

A different model, which predicts a dependence of the measured
capacitance on both the potential and the electrolyte concentration, was
proposed by Gouy [2] and Chapman [3] independently. An electric field at the
interface is induced by an excess charge on a metal surface. A positive charge,

for example, on the electrode attracts the negative ions and repels the positive
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Chapter 1 General Introduction

ions in the solution. Figurel-2(a) and (b) schematically show the Gouj—
Chapman model .and the corresponding potential across the interface,
respectively. The fundamental equations, which describe the diffuse double
layer, are the Boltzmann distribution} equation and the Poisson's equation. The
Gouy-Chapman model improvgd the Helmholtz model essentially, since a
dependence of the differential capacitance on both the potential and the
“concentration can be predicted by it. However, wide discrepancies were found
between the theoretical predictions and the experimental results.

The next model describing the physical situation of the double layer at the
interface was suggested by Stern [4]: it was a combination of the two previous
models with a more realistic way. The schematic diagram and the
corresponding potential across the interface of the Stern model are shown in
Fig.1-3(a) and (b), respectively. In the Stern model, two capacitors, Cy from
the Helmbholtz layer and Cp from the diffuse Iayef deterr£1ine the total
differential capacitance of the interface. Since the two regions are linked in

space, the two capacitors act in series. Thus the total capacitance C is given by

EI?%D_ (1.1.1)

Stern also recognized the effect of specific interactions and suggested a
distinction between the ions adsorbed on the electrode and the ions which
~merely approached to it at the closest distance. This picture was adopted by
‘Grahame [5] to develop a model of the interface, which consists of three
regions, although it was still commonly referred to as the double layer. The
first region extends from the electrode surface to a plane passing through the

centers of the specifically adsorbed ions: this is the inner Helmholtz plane
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Chapter 1 General Introduction

(IHP) and its Iﬁotentiél is denoted by Wi. The boundary to the next region is
the outer Helmholfz plane (OHP), which passes through the centers of the
hydrated ions at the closest distance on the approach to the electrode. The
potential is denoted by W,. Beyond the OHP lies the diffuse double layer. The
Grahame model is schematically shown in Fig.1-4.

The model of the double layer proposed by Devanathan, Bockris, and
Miiller [6], which explicitly takes into account the predominant existence of the
solvent at the interface, is shown in Fig.l—S for water as the solvent. The
electrode surface is mostly covered with a layer of oriented water molecules.
On some sites, the water molecules are replaced by spécific adsorbed ions,
usually anions.

To understand the structures of electrical double layer, the detailed
analysis was carried out for the sufface excess and the surface charge density
by measuring the electric capacitance, the surface tension an‘é so.on. The
surfacé tension and the electric capacitance can be measured directly by the
methods proposed by Grahame [7], Parsons [8,9], Delahay [10] and others.
They investigated the structures of the electrical double 1éyer on Hg‘surfaces in

aqueous solutions.

1-2. Interaction between Surfaces in Aqueous Solution

About fifty years ago, Derjaguin, Landau, Verwey and Overbeek
developed a quantitative theory, which is called the DLVO theory [11,12], to
describe the stability between identically charged colloidal particles in an
aqueous solution. According to the theory, the interaction between identically
charged colloidal particles can be separated into two contributions: an

attractive van der Waals interaction and a repulsive electrostatic force. The
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Chapter 1 General Introduction

total interaction is taken as a sum of these two terms. The physical dimensions
of the surfaces allow the use of the Derjaguin approximation to relate the force
(F) between the sphere with a radius (R) and the flat plate in terms of the
interaction free energy per unit area between two parallel plates made of the

same material. In the Derjaguin approximation [13] the force F between the

sphere and the plate has the form

F/R=2m (Va + VR) (1.2.1)

where V4 is the attractive van der Waals interaction free energy per unit area
and VR is the electrical double layer interaction free energy per unit area
between two flat plates made of the same material. |

At present, the theory has been provedv to hold for the interaction between
dissimilar surfaces [14-16]. In general, the van der Waals contribution is
attractive for dissimilar metal oxide surfaces interacting ‘across water.
However, if the interacting surfaces have dissimilar charges, the electrical
double layer contribution can be either attractive or repulsive.

On the other hand, experimental direct measurement techniques of
surface forces have been investigated since the measurement performed by
Derjaguin in 1954 [17]. The Surfacé Force Apparatus (SFA), with which the
surface forces can be measured at angstrom resolution, was developed By
Israelachvili and coworkers [18,19]. The SFA, schematically shown in Fig. 1-
6, has identified and quantified the fundamental interactions occurring between
mica surfaces in controlled vapors or immersed in liquids. The molecular-
smooth mica sheets are glued onto curved silica discs, which is locally
equivalent to a sphere ’near a flat surface. The interaction forces are measured

using a force-measuring spring, on which one of the silica disks is, and the
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Chapter 1 General Introduction

force sensitivity is about 108 N. The separation between the two surfaces
from microns down to molecular contact is measured by use of an optical
technique using multiple beam interference fringes called the Fringes of Equal
Chromatic Order (FECO). The separatioﬁ resolution is about 0.1 nm. The
SFA is a powerful tool to investigate the fundamental interactions occurring
between surfaces in aqueous solutions. These include the attractive van der
Waals force [20], the repulsive electrostatic double layer forces [21],
oscillatory (solvation or structural) forces [22], repulsive hydration forces
[23], and attractive hydrophobic forces [24].

The interaction forces measured by the SFA are the average between
macro surfaces, even though the surfaces are not uniform. The SFA has an
angstrom-order sensitivity of separation, but can not resolve the interaction
laterally. In general, the real surfaces are usually not uniform and have lateral
distributions, chemically and electrically. The analysis of the interaction

between inhomogeneous surfaces requires the other techniques.

1-3. Application of Scanning Probe Microscopy for the Force
Measurements |
Since the invention of scanning tunneling microscopy (STM) by G.

Binnig and H. Rohrer in 1981, STM has revealed surface topography and

electronic structures on atomic scale [25]. The STM is a representative of a

family of scanning probe microscopy (SPM), which can depict the topography

by scanning an atomically sharpened needle (tip) over the sample surface.

During the scanning the separation between the tip and the sample surface is

kept constant by monitoring and referring some interaction between the tip

apex and the sample surface. For STM, the interaction means "tunneling
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Chapter 1 General Introduction

current” of the electrons passing through the vacuum barrier between the tip
and the sample by the quantum effect. Thus the scanning of the tip can be
performed without touching to the sample surface. The tip on scanning is 3-
dimensionally positioned mechanically by piezo ceramics driven by changing
appliéd voltages. At present, one can see "the atoms" on the surfaces of
semiconductors, metals and other conductive materials by the STM. However,
the surfaces of electrically insulating materials can not be depicted by the
STM, where the tunneling electrons are trapped so that the current flow is
interrupted.

When five years had passed after the STM was invented, G.Binnig
invented another new SPM, atomic force microscopy (AFM) [26]. It utilizes
"force" exerting between the tip apex and the sample surface, measured by a
micro cantilever with a sharpened tip. The cantilever bends pro_portionally to
the force. Then, if the cantilever deflection can be measured precisely, the
force can be estimated from the bending, and the surface topography is
depicted by maintaining a constant force while scanning the tip over the sample
surface. The first AFM used an STM to measure the deflection of the
cantilever on nanoscale, schematically shown in Fig.1-7(a). The other fine
mechanism was also similar to that in the STM. After the invention of AFM,
the stability and the resolution have been rapidly improved: the detection
system of the cantilever deflection was devised; (1) utilizing an interferometer
consisting of an exit of an optical fiber leading a laser beam and a mirrored
backface of the cantilever, in Fig.1-7(b) [27]; (2) utilizing a position detector
of a sectored photodetector, which detects the incident position of the laser
beam reflected from the cantilever backface, in Fig.1-7(c) [28]; (3) measuring

a capacitance of the gap between a small metal plate and the cantilever
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Chapter 1 Generai Introduction

backface, in Fig.1-7(d) [29].

The AFM has two’operation modes of the tip-sample contact and non-
contact: (1) in the contact mode, the tip slightly touches the sample surface on
scanning; (2) in the non-contact mode, the tip position is slightly retracted and
modulated vertically to the sample without touching the sample, and the change
in the resonance frequency is detected, which is sensitive to the force change.
In the early days of the AFM invention, the contact mode was popular
exhibiting higher resolution easily, -although the non-contact mode gave less
damage to the samples, the feature of which suits to soft materials such as
biomaterials. At present, since the Q value of the cantilever was improved, the
non-contact mode also exhibits an atomic resolution as high as that in STM
[30].

The spatial resolution of the AFM is determined by the tip radius. The
cantilever with a tip is microfabricated from silicon or silicoﬁ nitride and has a
spring constant of 0.02-0.7 N/m for the contact mode. To improve the spatial
resolution, a pyramidal tip and a sharpened tip apex are usually formed at thé
end of the cantilever with a radius of 50 nm and 10-30 nm, respectively. By
contriving new integrated tips, many groups uncovered various phenomena
including surface topography and the lateral distribution of forces due to
chemical [31-33]; electrical [34-36], and magnetic interactions [37]. The
friction force on scanning between the tip and the sample surface was also
detected simultaneously with the AFM operation with a 4-sectored
photodetector, in Fig.1-7(c) and in Fig.1-8, which detects the torsion of the
cantilever caused by the friction. This ‘method is called friction force
microscopy (FFM) [38,39]. Furthermore, the AFM can be operated in air,
liquid and vacuum [40-42]. Thus, the AFM is a promising method to
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Chapter 1 General Introduction

investigate interactions between a tip and a sample in liquid on nanoscale and
reveal the electrical dopible layers.

On the other hand, one of the force measurement tools, the SFA, can
measure the force and analyze the structure of the double layer with a high
vertical resolufion to the surface [43-45], although the measure is smeared
laterally over the wide area. Sincé the theoretical analyses usually assume that
the surfaces are homogeneous and charged uniformly, the theory can predict
the experimental results macroscopically over the whole surfaces on the
average. However, the charge distribution on the real surfaces is not uniform.
For example, since both anionic and cationic groups exist on the amphoteric
surface of a protein, even at an isoelectric point (IEP), at which potential the
total charge is zero, the charge density is not zero locally on the surface. Thus
local probing methods with a high lateral resolution as AFM are required to

map the inhomogeneous charges and to analyze the double layer laterally.

1-4. Contents in this Theéis

In Chapter 2 of this thesis, the author shows a mathematical treatment of
the force-distance analysis, which is assumed that the force consists of the van
der Waals force and the electrical double layer force according to the DLVO
theory without the low potential approximation. The effect of the AFM tip
shape, the surface potential, and the ion concentration on the theoretical
interaction force is described.

In Chapter 3, the force-distance curves measured with AFM in an
electrolyte solution are compared to the theoretical curves calculated in
chaptet 2. The good agreement between measured and calculated force is

shown. The force-distance curves between a Si3Ny tip and several oxides, such
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Chapter 1 General Introduction

as Si0z, SnOy, and Al,O3 are measured in aqueous eléctrolytes by using AFM.
The IEP of these materials are evaluated.

In. Chapter 4, the surface force analysis is applied to the modified quartz
surfaces with hydrocarbon monolayer. The effects of the surface modification
are described. The electrical double layer forces due to the concentraﬁon
profile of the counterions at the oxide/water interface are discussed in terms of
acid-base reactions of -OH groups on thevoxide surface.

In Chapter 5, the electrical double layers on potential controlled gold
electrodes are analezed by force measurement with AFM. A Au-covered or a
bare SizNy tip is used as a probe. The electrode and the tip potentials are
controlled electrochemically by a potentiostat. The author discusses the
specific adsorption of anions and the potential of the outer Helmboltz plane on
gold electrode with the result of the force measurements. ”

In Chapter 6, the author suggests a novel method to measure a change in
surface tension on a solid electrode with applied .bias voltage, using AFM,
which utilizes the laser beam deflection to measure the displacement of a
microfabricated cantilever.

In Chapter 7, the author summarizes this thesis.
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electrode electrolyte solution

(a)

(b)

Figure 1-1. (a) Schematic of the Helmholtz model and (b)
the corresponding potential across the interface.

- 13 -



- Chapter 1 General Introduction

electrode electrolyte solution

(2)

(b

Figure 1-2. (a) Schematic of the Gouy-Chapman model and
(b) the corresponding potential across the
interface.
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electrode electrolyte solution

(a)

(b)

Figure 1-3. (a) Schematic of the Stern model and (b) the
| corresponding potential across the interface.
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electrode electrolyte solution

(a)

IHP OHP

(b)

Figure 1-4. (a) Schematic of the Grahame model and (b) the
corresponding potential across the interface.
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electrode electrolyte solution

Figure 1-5. Schematic of the Devanathan, Bockris, and
- Miiller model. |
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Figure 1-6. Schematic diagram of Surface Force Apparatus
(SFA) [Ref. 18].
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(a)

(b)

Figure 1-7. Schematic diagram of Atomic Force Microscopy
(AFM) with a force detection system, which

utilizes (a) tunneling current (STM), and (b)
optical interferometry,
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(d)

Figure 1-7. Continued.
(c) laser beam deflection, and (d) gap capacitance.
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Chapter 2

Theoretical Treatments for Force Measurements

by AFM in Aqueous Solutions

2-1. Introduction

Since the invention of the AFM [1], the force exerting between a tip and a
sample surface has been utilized to obtain the topography of the sample, and
the AFM has successfully demonstrated to be a powerful tool to investigate
sample surfaces on a nanometer | scale. The AFM can afford not only
topography of sample surfaces, but also the force-distance curve even in an
electrolyte. The measured force—distance curves should be carefully compared
with the theoretically calculated curves [2-4]. But the theory was based upon‘
the simplified geometrical configuration of the tip and the sample surface. For
example, the DLVO theory [5,6] can be applied to the force-distance curves
measured only by a cantilever with a silica sphere (3.5 mm in radius) as a tip
[2]. In AFM, it is advantageous to use a cantilever with a sharp tip to improve
the resolution for sample surfaces with a local variation of morphology or
charge distribution. Nowadays, cantilevers with a tip apex of 10-30 nm in
radius are commercially available. The theoretical simplification does not
apply to this sharp tip at a small separation between the tip and the sample
surface. The interaction with the tip shank is not negligible. N

This chapter reports a mathematical treatment of the force-distance
analysis, which is assumed that the force consists of the van der Waals force

and the force caused by the electrical double layers, and a tip has a spherical
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Chapter 2 Theoretical Treatments for Force Measurements by AFM .....

apex and the circumscribing tapered shank. In the calculation of the electrical
double layer force, fhe constant surface potentials at the tip and the sample and
the Boltzmann distribution of the ion concentration are assumed. The effects

of surface potential are also evaluated excluding the low potential

approximation.

2-2. Application of the DLVO Theory for forces between
Dissimilar Surfaces ’

To clarify the tip shape dependence of the  measured force-distance
curves, we calculated the force-distance relation based on the van der Waals
force and the electrical double layer force in the AFM with a flat sample
surface and a realistic tip, as shown in Fig.2-1. The tip has a spherical apex
and the circumscribing tapered shank: R the radius of the apex sphere, 26 the
cone angle of the tapered shank, D the separation distance between the flat
sample and the tip apex, and z the coordinate vertical to the sample surface
being zero at the surface. This model is suitable for a small separation

between the tip and the sample, where the interaction with the tip shank cannot

be neglected.

2-2-1. Van der Waals force between a tip and a flat surface

The van der Waals potential energy, - C/r6 (C is a constant and r is the
interdistance), was volume-integrated over the whole sample and the realistic
tip, treating the tip as an assembly of infinite thin disks and utilizing the
formula of the van der Waals force between a semi-infinite plane and the

infinitesimal volume [7]. Then we obtained the total energy,

(2.2.1)

W vdw,tip-ﬂat(D) =- dz

A fD+L S(z)

6n 0 2z°

- 23



Chapter 2 Theoretical Treatments for Force Measurements by AFM .....

Here A is the Hamaker constant [8], and S(z) is the cross sectional area of the

infinite thin disk of the tip as follows,

S(2)=n{2R- (z-D)}(z-D) (D=z=D+R(1-sin6)) " and
S(z) = m tan 26 {z-D+R(1 jsing - 1)} 2 ( D+R(1-6ind) < 2= D+L) (2.2.2)
Thus, the total energy W(D) is expressed as follows:
D+R(1-sind) : [ { ( )]
A 2R-(z-D)}(z-D z-D+R({1/sin6-1)} 2
W vdw,tip-ﬂat(D)= T = { ( 3)}( ) +tan 20 5
6 : z z
/o D+R(1-sing)
2
_3D+2R _2(D+R)  D*2DR n D

2D D+R(1-sin6)  2{D+R(1-sin6)} 2 {D+R(1-sine)}

wtan %o | 2{D-R(1/sin6-1)] ) {o-R(1/sino-1)} 2 . 2{D-R(1/sin6-1)}
D+R(1-sine)  2{D+R(1-sine)} 2 DiL
{o-R(11sine-1)} 2 o Dal 22.3)
2 (D+L) # {D+R(1-sin6)}

Here L is the length from the apex to the root of the tip.

The force Fyaw tip-laD) between the tip and the sample is derived by

differentiating the total energy Wyaw tip-flat(D) with the separation D on the

assumption of L» ,R.D,

dw
F vdW,tip-fIat(D) =" 9D
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__A] 1, R _1+an®e (2.2.4)
5] D

D* " D+R(1-sing)

2-2-2. Electrical double layer force
For calculation of the electrical double layer force, the pressure P related

with the electrostatic potential W is derived from the Helmholtz free energy

for an electrolyte [7],

d\p)‘ +kT(Z o - Z o ) (2.2.5)

where ¢, and gy are the relative and the vacuum dielectric constant,
respectively, and k the Boltzmann constant, T the temperature, pz the number

density of the specific ions denoted by i at a position of z. Thus the
electrostatic potential W should be calculated to estimate the electrical double
layer force per unit area, i.e. the pressure P. |
According to the Gouy-Chapman theory, when there is one surface bf an
isolated matter in an electrolyte, the electrostatic potential ¥ at a position of z

far from the surface is described as follows [9],

_ eeo [dw|? (2.2.6)
zi:pZi_.lzp“i-‘_W(d_z)z

For a 1:1 electrolyte on the assumption that the ionic density r is distributed

according to the Boltzmann statistics, Eq.(2.2.6) gives

dw 8kTpo  |€¥, (2.2.7)
= sinh ~
dz £ € g 2KkT
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Integrating the above equation, we obtain

v, = AT arctanh(ye "‘Z) - @228
e
where
- tanh ey (2.2.9)
Y KT
2 172
and SRR (2.2.10)
K=|——
e.eq KT

Here 1/x is the Debye length, and Wy is a surface potential.

When there are two surfaces independently charged, which is the case for

electrochemical AFM, we assumed that the potential ¥, at point z between two

surfaces is given simply by the sum of the potentials tailed from each surface

as follows,
Y, = AKT {arctanh(yle '“Z) + arctanh(yze "‘(D‘Z))} (2.2.11)
e
where
_ ev o, _ ev o, (2.2.12)
Y1 = tanh( KT ) , and v _tanh( AT )

Here D is the distance between the two surfaces, and Wg | and Wy, are surface

- potentials, where the subscription indexes 1 and 2 correspond to one surface

located at z=0 and the other surface at z=D, respectively.
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A. Two flat surfaces with the same signed charges
If two faced surfaces are charged at the same polarity, the position z=m
exists, at which dW¥/dz=0 is satisfied, as shown in Fig.2-2.

Differentiating Eq.(2.2.11) we obtain

e ™t ke O (2.2.13)

1 "(Yle -Kz) 2 9 ‘(Yze -K(D—z)) 2

dw _ aKkT
dz e.

At the point z=m, (d¥/dz),—y = O, hence

e KN _ ﬁ_ e -xkD (2214)

Yi

Then substituting Eq.(2.2.14) into Eq.(2.2.11),

Y =.—__ arctanh
Y1

8KT ( Vs -KD) (2.2.15)
m e — €

Using Eq.(2.2.5) the pressure at the point z=m is obtained as follows,

P =KT (zi;pmi- };pm) (2.2.16)

For a 1:1 electrolyte this gives
P = kTp . {(e -e¥ m/kT__-I) + (e eV m/kT__.I)}

ew

m

2kT

2.2.17)

= 4kTp .. sinh ?
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Incorporating Eq.(2.2.15) into this,

o1+ v ,e7) (2.2.18)

-KD) 4

32 kT) 2
P= Sreoz( ) KzYsze_ _
e (1—y1y2e

The interaction free energy per unit area Wgq fla-flat(D), which causes the

above pressure, is obtained by integrating P with respect to D,

W ¢ jase(D) = | P D

_328r80 (kT) 2
3e?

D 1 2 4
KY Y 2e (1 - +

=Y 1Y 2€ _KD) (1‘Y 1Y 2€ _KD)Z (1‘Y 1Y 2€
(2.2.19)

‘KD) 3

B. Two flat surfaces with the opposite signed charges
If two faced-surfaces are charged at the opposite polarity, the position
Z=m exists, at which W=0 is satisfied, as shown in Fig.2-3.

At the point z=m, W,—, = O, hence

arctanh(Y1e "‘m) + arctanh(yge "“(Dm)) =0
so that

e «m o _ _ LZ_ e -xD (2220)

Y1

Using Eq.(2.2.5) the pressure at the point z=m is obtained as follows,

po-l,, (vl (2.2.21)
2 r” 0 dZ -
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Incorporating Eq.(2.2.13 and 20) into this,

o 82eo (1) klyyy,e (2.2.22)

e? (1+«{1y ze"‘D)Z

The interaction free energy per unit area WEgp flar-flat(D), which causes the

above pressure gives

WE2 flat-flat(D)
32 kT) 2
_ srsog ) ey ipae® 1 . 1 S 1 _
8e (1+'Y1Yze-K,) (1+Y1Y29'K) (1+Y1Yee K)B

(2.2.23)

C. Electrical double layer force between a tip and a flat surface

The force fat-flat(D). per unit area between the flat surfaces is derived
from the differentiation of Watfiat(D) with the separation D. Then the force
Fiip-flat(D) between the realistic tip and the flat surface is given by surface-

integrating fpat-flat(D) over the tip surface regarding the tip as an assembly of

thin cylindrical tubes, as follows, -

D+L
F tpae(D) = fD dS f fata (2)

j D+R(1-sin6) D+L

= o (D+R-2)  1opqm(2) 47 +27 tan 20 j

D+R(1-sin®)

{2-D+R(1/5in0-1)}1 paura(?) 02

For L » R,D, this gives
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o]

W fautiat (2)dZ + tan 26 ] W et (2)0Z

D+R(1-sin®)
f D+R(1-sin®)
(2.2.24)

F tip-ﬂat(D) = 275{ RW aeiar(D) - )

Next, Eq.(2.2.19) and Eq.(2.2.23) are incorporated into Eq.(2.2.24). The

former expresses the interaction free energy per unit area WEgj flar-flat(D) for

two surfaces with the same signed charge and the latter for two surface with
the opposite signed charged.

For the same signed charge:

Fg) ,tip—ﬂat(D)

_ Bdme e, (kT)2
- 3e?

-«xPDY 2 -
D 3+(Y 1Y 2€ ¢ ) ) 2Y1Y o€ 0
(1 Y 1Y 28 _‘fD) ?

{RK Y 1Y 2©

-<(D+R(1-sing))

- (1-tan 20)] 21128

-K(D+B(1-sin6))) (2.2.25)
(1 Y 1Y 28

» + In(1- e
-K(D+R(1-sine))) 2 Yi¥a

For the opposite signed charge:

FEZ,tip—flat(D)

_ B4me e, (KT)2
- 3e?

-«D «D +«D
«D S+3Y 1Y o€ +<Y AECH ) ? N 342y 1y

Riy 1v € (1+Y e -kD) : 2(1+Y 4 48 -@) 2

-In(1 +Y 1Y 2€ "‘D) + %tan 26’
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3424 1y e-x(D+R(1-sin9))
172

- (-‘ -tan 26) -K(D+H(1-sin6)))

- In(1+ Y o€
2(1+ Y 1Y .8 -K(D+H(1-sine))) 2 Ya¥e
1Y 2

(2.2.26)

2-3. Effects of AFM Tip Shape on Surface Forces
Here we simulate the tip-shape dependence of the van der Waals force and
the electrical double layer force, taking typical values of the Hamaker constant,

the Debye length and y;y; for the above formulas. We take the Hamaker

constant of A = 2.1x10-20 J, the temperature of 25 °C and a 1:1 electrolyte as

an aqueous solution. The value of the Hamaker constant corresponds to that of

SizN4 and SiO in water, which are usually used as materials for an AFM tip

and a standard sample. The ionic concentrations are taken as 10-2, 10-3 and
10-4 M, and then the Debye lengths 1/x correspond to 3. 10, 30 nm,
respectively. Assuming that the surfaces can be charged both positively and

negatively, the values of 0.8, 0.2, 0.05, -0.05, -0.2 and -0.8 are taken for y1y».

In order to compare the tip model mentioned above to the spherical tip
model and the Derjaguin approximation, the equations for the spherical tip
model and the Derjaguin approximation of the van der Waals force and the
electrical double layer force are shown as follows:

for the van der Waals force,

Al 1 R 1 R (2.3.1)
D) =- —|-—
deW,sph-fIat( ) 6 D + D 2 + D+2R + (D+2R) 2
__ AR (2.3.2)
6D 2
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for the electrical double layer force with the same-signed charged surfaces,

FE1,sph-flat(D)

_ 64n ¢ OZ(kT) 2 ’VRK Ve D 3+(Y 1Y 2€ :Kz) : ‘_ 2y 1Y ,€ "0
e T T

-KD) 2

-«(D+2R)\ 2 -(D+2R «(D+2R
-c(D+2R) 3+(Y1Yze - ) 2y y,8 O 1-y yy 8 O

+ Ry, y €

-xD

-K(D+2R)) 3 1- Y 1Y ze

-K(D+2R)> 2

(1 =Y 1Y ,€ (1 Y 1Y ,€

(2.3.3)

_ 64n ¢ &, (kT) 2 Rk Y ']y ,€ D {3+(Y 1Y € 'KD) 2} (2.3.4)
3e? (1‘Y 7 e -@)3 "

for the electrical double layer force with the opposite-signed charged surfaces,

F E2,sph-ﬂat(D)

_ 64ne e (kT) z Rey e ™ 343y v ,€ 'KD—f(Y VL€ 'KD) 2 .\ 3+2y 1y ,€ D
3e? l v (1+Y Y ,€ 'KD) 3 2(1+y 1Y o€ ~KD) 4

-k(D+2R)

3+3y 1V 2€ +<Y 1Y 2€ —K(D+2R)) 2 3+2y 1Y -€ «(D+2R)

-k(D+2R) -
2(1+y ¥ ,€ -K(D+2R)) 2

+ Rey 4y €
(1+Y ¥, -K(D+2R)) 3

1+ = Ze -k(D+2R)

+In

(2.3.5)

T+y 7 ,€ D
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_ Bdme e O' (kT) 2 Rey 1y .6 *® {3+3Y e +(Y 1Y 28 'KD) 2} (2.3.6“)
3e? (1+Y 1Y o€ -KD) 3

Figure 2-4 (a) shows the van der Waals force-distance curves for a tip
with an apex of 10 nm in radius and a sphere of 10 nm in radius, including the
curve using the Derjaguin approximation for a sphere. The positive and the
negativle forces correspond to the repulsive and attractive force, respectively.
The curve for the tip with a small 26 is close to that for a sphere. As 20 of the
tip increases, the attractive force increases and the curve becomes different
from that for a sphere. The Derjaguin approximation holds for R » D, and
thus, for R = 10 nm and 0 < D < 50 nm, the approximation can not be
applicable and gives quite different values from those calculated without the
approximation. v

Figure 2-4 (b) shows the calculated van der Waals force for the tips with
R =10, 100, 1000 nm and 26 = 30, 90° and for the spherical model. When 20
is small (208 < 30°) for any R, the curves of the tip rﬁodel are close to the one
for the spherical model. When R is less than 10 nm, the curves for various 26
are splitting each other, and show the 26 dependence definitely. The 26
dependence diminishes for large R's and the curves almost agree with that for
the spherical tip model.  The curve calculated with the Derjaguin
approximation, which is not shown in Fig. 2-4 (b), also agrees with that in the
range of R as large‘as the curves for the tip model and the spherical tip model
agree each other.

Figure 2-5 (a) and (b) show the electrical double layer force-distance

curves with yiy2 = 0.2 and -0.2, respectively, which are calculated for the tip
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model, the spherical model and the Derjaguln approximation with parameters -
of R =10, 100, 1000 nm, and 26 = 30, 90° and 1/x = 10 nm. The positive

sign of y1y2 means that both surfaces are charged at the same sign, and the
exerting force is repulsive. The negative sign of y{y2 means that both surfaces

are charged at the opposite sign, and the force is attractive. For R < 10 nm,
- the curves are split with various 20 values. For R > 100 nm, there is less 26
dependence. The curve for the Derjaguin approximation does not agree with
those for the tip model and the spherical model, which are close each other.
On the other hand, for R > 1000 nm, the curves for these models and the
approximation agree quite well each other.

Based on the above results, the resultant force of the van der Waals force
and the electrical double layer force is evaluated, which is so-called the DLVO
force. Figure 2-6 (a)-(c) show the force-distance curves under the condition

of 1/x=10 nm and y;y2 = 0.05, 0.2 and 0.8. The DL.VO force'is normalized
with the geometric parameter R. The force increases with large y1y2, which
corresponds to a large product of the surface potential Wo,1 and Wo as in
eq.(2.2.12). For R=10 nm and any surface potential (y;Y2), the 20 dependence
exists so that the curves are split increasing with 26. The force normalized
with R for the spherical model is the smallest. On the other hand, for R > 100
nm, all of the normalized curves is overlapping each other, denoted by white
marked lines as shown in Fig. 2-6 (a)-(c). With the Derjaguin approximation
generally used, all of the normalized curves are brought in the same curve,
and it exhibits the proportionality of the force to the geometric parameter R.
But, for small R, the force is not proportional to R as the split normalized

curves are shown here, and the validity of the approximation is broken.

For y1y2 = 0.8 in Fig.2-6 (c), assuming the same potential for the tip and
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| the sample surfaces, the value of Wq is about 150 mV. When the distance D
between the tip and the sample becomes smaller than twice the Debye length
and the double layers of both surfaces are about to be overlapped, the high
surface potential gives a strong repulsive force caused by the electric static
potential. The characteristics are consistent with those of the curves measured
with the AFM [10]. However, if the following approximation [7] generally
used for the potential is applied,

p = 2KT arctanh(ye "‘Z) - AKT ye ™ (23.7)

‘e e
the calculated curves don't agree with the measured curves. If the above
approximation is employed, the calculated double layer forces for a tip-flat
sample and a sphere-flat sample configuration are evaluated as follows:

for a tip-flat sample,

F oo (D) = 64 ¢ reﬁ o (kT) 2 Ve {KR + (1+tan %g)e "RO-sm0)_1 } (2.3.8)

for a sphere-flat sample,

. P ei : (k1) 2 112 "0 Refcret)e #21] (2.3.9)
G4 e (K1) xRy 0 (2.3.10)

=

e2

These equations are consistent with those calculated in this study for yiy2 <

0.2. But the deviation of these approximated equations become large with yy2
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larger than the value.

Here we make mention of other assumptidhs used in this study to be
considered particularly in the proximity. We neglect the effects of the so-
called Stern layér, where some basis aré stickily adsorbed, and the charge
regulation in a small gap separation, where the dissociation constants of ions
may change caused by increasing the pressure. In this study, we assumed that
the ions near each surface with potential Wy distribute accordingly to the
Boltzmann distribution, and then the total ion distribution in the gap between
two surfaces is given by the sum of the ion distributions from each surface,
which is isolated from the other surface. In the AFMrsetup, the tip is very
small and sharp, and thus the charge regulation effects are possibly negligible
due to a small pressure effect [1'1].

Figure 2-7 shows the DLVO force normalized with R for surfaces
charged at the opposite sign. The vertical axis is inverted and coordinated
logarithmically. The electric attractive force increases as the absolute value of
Y1y2 increases. For R = 10 nm, as well as for the same-signed charge, the
force curves depend on 26, and the curves are split more by increasing 26.
The other characteristics depending on the tip geometry are }als’o similar to
those for the opposite sign charge, excepting that the van der Waals force
exerts additionally and the resultant force becomes large at small separation D.
Approaching the tip closer to the sample, the double layers of the tip and the

sample start overlapping. The force for y1y2 > O is stronger than that for y1y2
< 0 in the vicinity to the sample, as shown in Fig.2-8. For y1y2 < 0 with the

opposite signed charge, the electric charges in the overlapped layer, trend to

cancel and then show no abrupt increase in the force. However, for yiy2 > 0

with the same signed charge, the neutralization doesn't occur, and an increase
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in the ion charge concentration is caused in-between.

Figure 2-9 (a)-(c) show the 1/k-dependence of the double layer force
with the same tip geometries and yiy2 = 0.2 in the 1:1 electrolyte solutions of
10-2 M and the Debye length of 1/x = 3 nm, 10-3 M and 1/« = 10 nm, and 104
M and 1/x = 30 nm, respectively. As 1/x increases, corresponding to the
decrease in the ion concehtration, the 26 dependence becomes large, and the
splitting between the curves for the tip model and the spherical model
increases. The curves for the tip model and the spherical model with 1/x < 3
nm are overlaps, which are not shown here, but the tendency is found in the
data. This is attributed to a increase in k in the factor of the first-term in egs.
(2.2.25) and (2.2.26). The first term becomes dominant for large «k,
corresponding to the regime of the Derjaguin approximation, and the other
terms can be negligible. Consequently, in concentrated solutions, there is less
dependence on the tip geometry, and the spherical approximation is applicable.
Coupling the R-dependence pointed out in Figs.2-4 and 2-5, for Rk > 10, the
force curves for any tip geometry are in agreement with that for the spherical
model with an error less than 10%, and the Derjaguin 'apprOXimation can be

applied. .

2-4. Conclusion

The force-distance curves were calculated assuming that the force
comprises the van der Waals force and the electrical double layer force in an
electrolyte in the AFM, considering account the tip geometfy with a realistic
shape. The calculation was undertaken on the assumption of the Boltzmann
distribution of the ion near the surface and the total jon distribution given by
the sum of that near the surfaces of the tip and the sample, which were

electrically isolated each other. The approximation restricting the range of the
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surface potential, which is generally used, was not adopted in this study.
Therefore the derived formula holds for any surface potential. The force-
distance curves were drawn for typical paré}neters of the electrolyte and the
materials of the tip and the sample. Consequently, for Rk > 10, the spherical
model is a good approximation independently of the tip shape, and the
Derjaguin approximation can be applied. Conversely, for Rk « 10, since the
parameter 20 affects the force curves distinctly, the interaction force should be

modeled by taking the tip geometry into account.
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z; D D+R(1-sin 6)

Figure 2-1. Schematic model of a realistic AFM tip used for
calculation. The tip apex is a sphere with a radius
R, and the shank is a tapered cone with a cone angle

20 circumscribing to the sphere.
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Sample 1 Sample 2

p, | W, <0
Y, <0
PY,>0
Y,>0
o) m

Figure 2-2. Schematic model of electrostatic potential ¥,

when two faced surfaces are charged with the same
sign in aqueous solution. The surface potentials on

each surface are Wy ; and ¥y 5.
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Sample 1 Sample 2

Y>0

Y, >0

P,<0
0 m )z

Figure 2-3. Schematic model of electrostatic potential ¥,

when two faced surfaces are charged with opposite
sign in aqueous solution. The surface potentials on

each surface are Wy 1 and Wy 5.
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Figure 2-4.(a)  Van der Waals force - distance curves for

tips of R = 10 nm with 26 = 10, 30, 60, 90 and

120°, a sphere of R = 10 nm and the Derjaguin
approximation.

- 43 .



0 rr—r—r—r——rrr——r—
-1 :-
=z 2f
(! [
8 3L “ R=1000 nm
P = .
L2 B
4 ._ ]
_5'... A T B
0 10 20 30 40 © 50
distance (nm)
R=10 nm R=100 nm R=1000 nm

—o— Tip 26 = 30° —e— Tip 26 = 30° —x— Tip 26 = 30°
—=—Tip 20 = 90° —=— Tip 26 = 90° —— Tip 26 = 90°
A sphere —=— sphere —~v— sphere

Figure 2-4.(b)  Van der Waals force - distance curves for
tips of R = 10, 100 and 1000 nm with 20 = 30 and
90°, and spheres of R = 10, 100 and 1000 nm.
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force (nN)

0 10 20 30 40 50
, distance (nm)

R=10 nm R=100 nm R=1000 nm
—&— Tip 29 =30° —©— Tip 29=30° —>— Tip 29 = 30°
—@— Tip 20 =90° —&—Tip 20=90° —+— Tip 26=90°
—a&— sphere —&— sphere —v— sphere
— — -D.approx. — — -D.approx. — — -D. approx.

Figure 2-5.(a)  Electrical double layer force - distance
curves. For surfaces of the tip and the sample
charged with the same sign. The tip radius R is 10,
100 and 1000 nm with 20 of 30 and 90°. The

sphere of R = 10, 100 and 1000 nm and the
Derjaguin approximation are included.
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- distance (nm)
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—e— Tip 26 = 30°—e—Tip 26 = 30° —<— Tip 26 = 30°
—a— Tip 26 = 90° —=— Tip 20 = 90° —+— Tip 20 = 90°
—— sphere —a— Sphere —— sphere

— — -D.approx. — — -D.approx. — — -D. approx.

Figure 2-5.(b)  Electrical double layer force - distance
curves. For surfaces of the tip and the sample
charged with the opposite sign.
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Figure 2-6. DLVO force - distance curves for yyys = (a)
0.05 and (b) 0.2. The force is normalized with R.
Black marked lines for tips of R=10 nm with 20 of

30 and 90°, and a sphere of R=10 nm. White
marked lines for R=100 nm.
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Figure 2-6.(c) DLVO force - distance curves for
v1y2 = 0.8.
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Figure 2-7. DLVO force - distance curves for
v1Y2 = (a) -0.05 and (b) -0.2. The force is
normalized with R. Black marked lines for tips of

R =10 nm with 26 of 30 and 90°, and a sphere of R
= 10 nm. White marked lines for R = 100 nm.
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Figure 2-7.(c) DLVO force - distance curves for
Y1v2 = -0.8.
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Figure 2-8. Ratio of double layer force for Y1y2 = 0.8 to that

for y1y2 = -0.8 changing the distance with a

spherical tip of R = 100 nm. The curve corresponds

to that in Figs.2-6(c) and 2-7(c) excluding the van
der Waals force.
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angle 20 is 30 and 90°. The curves for a sphere
with R = 10 nm is included.
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Figure 2-9.(0) Double layer force - distance curves for
1/x = 30 nm with y1y, = 0.2.
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Chapter 3

Surface Forces between Oxides and
Silicon Nitride Tips

3-1. Introduction

It has been well established that an oxide suspended in an aqueous solution
can acquire surface charges by absorbing H" or OH" ions [1,2]. The total
quantity of surface charge is well-known to change with pH of the solution; the
pH at which a solid has no net surface charge is defined as the isoelectric point
(IEP) [3]. The surface charge and IEP of colloidal particles can be evaluated
by the electrophoresis experiments [4]. The surface chargg estimated by
electrophoresis is an average of net charge on a particle. The électrophoresis
method can not define charge distribution on the surface with local
inhomogehéity.

Then to study the interaction force between surfaces in an aqueous
solution, it is required to map the inhomogeneous charges wifh a high lateral
resolution. The analysis can reveal the structure of the double layer [5-7].
The IEP on a small surface area is evaluated on the basis of a pH dependence
of the interaction force with an atomic lateral resolution of AFM.

In this chapter, the force-distance curves are measured with the AFM in
aqueous electrolyte solutions, and compared to the theoretical curves calculated
in chapter 2 according to the DLVO theory [8,9] on the assumption that the tip
has a spherical apex and the circumscribing tapered shank. In the calculation

of the electrical double layer force, the constant surface potentials at the tip
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and the sample and the Boltzmann distribution of the ion concentration are
assumed. The effects of the surface potential are also evaluated without the
low potential approximation, mentioned in chapter 2.

The force-distance curves on several oxides, such as SiOp, SnO,, and
Al>O3 in aqueous electrolytes, were measured by AFM with a sharpened tip of
SisNg4. The IEP of each oxide was estimated from the pH dependence of the

interaction force.

3-2. Experimental
3-2-1. Force measurement
All measurements of the surface force and topographic imaging were
performed using a commercial AFM (a SEIKO Instruments, SPA 300 AFM
unit with a controller SPI-3700). The force was measured by a laser beam
deflection caused by bending of a cantilever with the force consgant of 0.089 N
m-1 (Olympus Co.,ltd). The cantilever has a specially-sharpened tip on a small
pyramidal hill, made of silicon nitride (SisN4). The sharpness of the tip was
confirmed by an FE—SEM (JEOL LTD), shown in Fig.3-1. The radius of the
tip apex and the cone angle 26 of the shank was about 20 nm and 30°,
respectively. The sample and the cantilever were immersed in an electrolyte
in a Teflon cell, which is placed on top of a piezo tube scanner of the AFM.
The tube scanner can position the sample 3-dimensionally within several wm
on an atomic scale by changing the applied voltages to XYZ electrodes of the
piezo. Thé piezo can expand and shrink with the voltage. The force-distance
curves were recorded by changing the sample position z with respect to the tip.
The sample position was calculated from thé voltage applied to the piezo Z-

electrode. Fig.3-2(a) shows the surface force-sample position curve. The
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l?osition does not correspond directly to a separation between the tip apex and
the sample surface, because the cantilever bends a little depending on the force.
Thus the distance was calibrated and plotted to show the true separation in the
figure, subtracting the lever deflection from the sample position, as shown in .
Fig.3-2(b). The origin was chosen as a position, from which a linear repulsive
-change started in the contact regime. In addition, there was a hysteresis in the
piezo displacement distinctively in the retracting curve, thus only the
approaching direction curve to the tip was adopted to evaluate the interaction

from the force-distance curves. The approaching speed was about 20 nm s-1.

3-2-2. Materials and sample preparation

Electrolytes with pH values of 3 to 11.4 were used for the measurement

of force-distance curves: HClO4 for pH 3 to 4, phosphate buffer solutions for
pH 5 to 8.5 and NaOH or KOH for pH 10 to 11.4. The ion co;lcentrations in

phosphate buffer solutions (KH,PO4 + NaOH) were adjusted so that the Debye

length k-1 became 10 or 30 nm. The electrolytes with the Debye length of 10 |

and 30 nm correspond ‘,/rto the solutions containing a 1:1 electrolyte of 10-3 and

104 M, respectively. The chemicals used were commercially available G.R.

grade reagents and were used as received.

The samples for measuring surface forces were a silicoh wafer covered
with a natural oxide layer, a quartz (SiO;) plate, a sapphire (Al;O3). plate, and
a SnO; film deposited on a glass plate. The samples were prepared as follows.

The silicon wafer was cleaned with an alkali detergent, rinsed with nlilI-Q
water, and then heated at 80 °C in an RCA alkali solution (HQOZ : NH4OH :
HO = 1:1:5) [10] for 30 min and rinsed with mill-Q water to be hydrophilic.

The silicon surface was covered with an oxide layer, about 1 nm thick [10].
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The quartz plate was immersed in an RCA alkaline solution at 80 °C fof 30
min and rinsed with Milli-Q water. The sapphire plate was cleaned in an
ultrasonic bath with ethanol and rinsed with Milli-Q water. The glass plate:
coated with SnO, was cleaned with an alkaii detergeﬁt, Milli-Q water, and

ethanol, and then rinsed with Milli-Q water.

3-3. Results and discussion
3-3-1. Comparison of the measured force with the theory

The calculation of the van der Waals force in section 2-2-1 was required
the values of the Hamaker constant [11] for our samples. In the non-retarded
limit, ‘the‘ Hamaker constant between two bodies with a third intervening
medium can be calculated using the Lifshitz theory [12]. Although the Lifshitz
theory gives an exact formula for the Hamaker constant, the expression
requires a representation of the dielectric responses of tﬁe mecﬁa involved up
to ultraviolet frequencies [13,14]. In this thesis, it is sufficient to consider an

-approximate from for the Hamaker constant due to Israelachvili [15],

A= ikT(gl"%][sz_é})
4 g, +€, || €,+8,

3hv, (n?-nl)n3-n?)

+
2 2\N1/2,. 2 25172 2 2\1/2 2 24172
842 (mi+n3) “(n,+n3) “[(n|+n3) " +(n,+n3) 7]

(3.3.1)

where the ¢i's are the static dielectric constants and the nj's are the optical
refractive indices. The subscription indices 1 to 3 correspond to (1) the tip,
(2) the samples, and (3) the immersion medium, aqueous solution. In eq.

(3.3.1), v, is the electronic absorption frequenCy, which is assumed to be equal
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for all materials. Table 3-1 summarizes the Hamaker constants for the silicon
nitride-water-samples system calculated with eq. (3.3.1). The Hamaker
constant for the silicon was calculated without consideration of natural oxide
on the Si, because the oxide layer was very thin.

- Figure 3-3 shows comparison between the experimental and the
fheoretical force-distance curves between a silicon wafer and a tip of R = 20
nm and 20 = 30° in an electrolyte of pH 11.4 with KOH. The calculated
curves here include the van der Waals force in addition to the double layer
force. The solid line shows the calculation using eq. (2.2.4) and (2.2.25)
without the approximation of a low electrostatic potential, and the dashed line
using eq. (2.2.4) and (2.3.8) with the approximation, eq. (2.3.7).

The experimentally obtained curve, denoted by circles, clearly shows the
strong repulsive force in the vicinity of the surface (z < 10 nm) in Fig. 3-3.
The solid line agrees quite well to the experimental data, but t”he dashed line
does not. The fitting value of y;y2 can be obtained from the solid line
calculation: y; and y, are determined by the surface potentials of the tip and
the sample, respectively, as in eq. (2.2.12), but here éach of the value are
undetermined. vThe Y1Y2 was 9.6 in fig.3-3. If y; and y2 is t}le same value,
Wo,1 and Wy, are estimated to be more than 200 mV from y1y2 = 0.96. ‘As
being clear from the discussion below, pH of the solution (pH 11.4) is
extremely higher than the isoelectric points of the two surfaces. This means
the approximation of a low eleétrostatic potential can not be applicable for
such a high surface potential. It did not hold for the other electrolytes with the
 different pH values. For a low surface potential, the approximation curve also

coincided with the experimental curve.
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3-3-2. pH dependence

On the above fitting procedure, the fitting values of y;y2 can be obtained
for every systems with difference pH. The surfaces of oxides immersed in an
aqueous solution are covered with -OH groups, which are protonated into

-OHy+ at low pH and dissociated into -O- at high pH [3] as follows:

~OH + H* = -OH!  (pK ) (33.2)
~OH « -0~ + H* PK )  (333)

Under these conditions, the oxide surface charges positively and negaﬁvely at
lower and higher pH the;n the IEP, respectively. When two surfaces are
brought so close as to allow the electrical double layers to overlap, the force
becomes attractive or repulsi{(e depending on the combination. of the charge
polarities over the two surfaces, according to section 2-2-2. The double layer
force is attractive when Wo; and Wp, have the opposite sign to each other
(y1Y2 < 0) and repulsive when Wp 1 and Wy 5 have the same sign (y1y2 > 0).
Figure 3-4 shows the expected behavior of the double layer force parameter,
Y1Y2, as a function of the electrolyte pH. When the pH value crosses the IEPs,
the sign of the surface potential at the surface changes and the interaction turns
from repulsive to attractive or vice versa. |
The pH dependence of yjysz for the silicon nitride-water-silicon system,
which is the }same system of section 3-3-1, is shown in Fig.3-5. The negative
values of yy, observed at pH less than 5 indicate that the surfaces are charged
oppositely in sign, while the positive values of y;y, at pH larger than 5

correspond that both the surfaces are charged negatively. The curve crosses
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with a line of yiy2 = 0 at ca. pH 5. Thus, the pH 5 can correspond to the
isoelectric point, Wop=0, of SizN4 or silicon oxide. According to a literature
value of the isoelectric point of silica around pH 2 [1], the isoelectric point pH
5 found in this study can be assigned to that of SizNy other than silicon oxide.
This indicates that the present fitting method can be used to determine the
1soelectric points of the localized areas and thus the lateral distribution of the
acidic and basic sites can be obtained.

In order to estimate the IEPs of samples, the sign of the force (repulsive
or attractive) at each pH value is important. For instance, the force-distance
curves between the silicon nitride tip and silica in several solutions were
obtained as shown in Fig.3-6. ‘The contribution of the van der Waals force
was very slight at the distance lager than 2 nm. Then, the sign of the measured
force should be the same with that of the double layer force at the distance
lager than 10 nm. The force at a constant distance, i.e lage; than 10 nm,
changes as shown in Fig.3-7, which is similar to Fig.3-4.

Figure 3-8 shows the pH dependence of the measured force between a
silicon nitride tip and the oxide samples at a distance of 1/2 x"!. The Debye
lengths (k1) of the 1:1 electrolyte solutions of 10 and 10" M are 10 and 30
nm, respectively. Here the Debye length (k1) of the phosphate buffer solution
shown here was adjusted to be 30 nm. On all the oxides, the sign of the force
changed around pH 5-6. Table 3-2 summarizes the IEP values reported by
other workers using other techniques [1,16,17]. According to the comparison,
the change in the sign around pH 5-6 can be attributed to the IEP of SizNj.
Since the IEP of SiO; is reported to be around pH 2, the crossing point ;zvas
not found in this experiment. The reported IEP of SnO; is close to that of

Si3N4. This agrees with the experimental finding, in Fig. 3-8, that a distinct
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attractive region was not found. For Al>O3 in Fig. 3-8, the double layer force
changes from attractive to repulsive at about pH 10. The value is close to

those reported previously [1,16,17].

3-4. Conclusion

The experimentally obtain data were compared with the calculation of the
force-distance curves consisting of the van der Waals force and the electrical
double layer force in aﬁ electrolyte in the AFM with a realistic shape tip
without the approximation of a low electrostatic potential. The comparison
showed had a good agreement. The pH dependence curves of y1y2 and the
force at a constant distance showed that the force-distance curves can be used
to estimate the IEPs for oxide surfaces. The measured interaction force was
between a sharpened tip and a small area on a sample surface. The map of
charge distribution on the inhomogeneous surface can be obtained by repeating

this force measurement. The IEP for local area can also be estimated.
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Table 3-1.  Calculated Hamaker constants between oxides and silicon nitride

in an aqueous solution using eq. (3.3.1).

Hamaker constant
A (x10720 1)
Si- HO - SizNg , 21.7
SiOz - K20 - SisNg. 2.08
Al>O3 - H2O - SizNg | 4.99
SnO; - Hy0 - SizNg 7.15
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Table 3-2. Summary of the isoelectric points for oxides reported by other
. workers [1,16,17].

SizNy SiO7 SnO» a-Al, O3

IEP 5-7 1.8-2.8 45-73 9-10
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Be2387

®

Figure 3-1. (a) SEM image of a cantilever with a specially-
sharpened tip on a small pyramidal hill, (b) FE-
SEM image of the apex of the sharpened tip.
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Figure 3-2. (a) Relation between the surface force and the
sample position. The sample position was
calculated from the voltage applied to the piezo
Z-electrode. (b) The force-distance curve. The
distance was calibrated from the true separation
between the tip apex and the sample surface by
taking account of the cantilever bends.
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Figure 3-3.  Comparison of the experimentally obtained

data with the calculated force-distance curves.
The circles show the experimental data, the
dashed and the solid line show the calculated
curves with and without the approximation of a
low electrostatic potential, respectively. R=20

nm, 26 = 30°, pH = 11.4.
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Figure 3-4. Estimated characteristics of yjy, as a function of
the pH in the electrolyte, which was determined

by the curve fitting between two surfaces with
different IEPs.

- 68 -



Chapter 3 Surface Forces between Oxides and Silicon Nitride Tips

1 F §

05F ]

> :

- 0_ 4

O5E 4

__t :

[ ]

A T

0 2 4 6 8 10 12 14
pH

Figure 3-5. pH dependence of y;y2, which was determined by
’ the curve fitting between the measured and
calculated curves for silicon nitride - aqueous

solution - silicon wafer.
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Figure 3-6. The force-distance curves between the silicon

nitride tip and silica in several solutions. The
Debye lengths (x-1) in all the solutions were 30
nm. x-1of the 1:1 electrolyte solutions in 10-4 M
are 30 nm.
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Figure 3-7. Estimated characteristics of the double layer force
between two surfaces with different IEPs at a
constant distance as a function of the pH in the
electrolyte. |
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Chapter 4

Langmuir-Blodgett Films on Oxides

4-1. Introduction

In chapter 3, the electrical double layers over the oxide surfaces were
analyzed from the force measurements with the AFM, assuming that they were
homogeneous. There the analyzed oxide surfaces met the demanded condition
of surface homogeneity. In this chapte\r, the surfaces partially covered with
dielectric thin films are studied to clarify the effects of the coverage on the
double layers; the AFM is extrémely powerful to observe the spatial variation
on the sample surfaces [1-3]. To compare bare oxide surfaqes with oxide
surfaces covered with dielectric films using the AFM, the partially covered
surfaces, which consists of the bare oxide regions and the dielectric covered
regions within the AFM scanning range, are formed by a novel method [4].
The film thickness is adjusted to be less than the Debye length of the double
layer, 1‘0—30 nm in chapter 3, to facilitate the comparison with the AFM in
respect of the vertical dynamic range.

In principle, the AFM depicts sample topo graphy by scanning a tip over a
sample surface, while maintaining a constant separation between the tip and the
sample [1]. To maintain it, the feedback system of the AFM refers the
measured force,v which depends on the separation. The AFM imaging force,
however, has not been well-characterized analytically. The condition of a
constant force does not necessarily mean the constant separation, depending on

natures of the forces on the different surface regions. For example, if charges
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inhomogeneously distribute over a flat sample surface in a liquid, the AFM
image with a small load force mainly reflects the charge distribution on the
surface [5]. Thus, to depict the true topography, it is indispensable to make a
correction 61" the topography for a surface with an inhomogeneous charge
distribution. The clue to understanding the nature of the detected force is in
the distance dependence of the force, which can be measured by the AFM.
Then the force-distance curves have been measured and analyzed to
characterize the force in aqueous electrolytes by the AFM [6].

To clarify the effects of the organic molecular films on the oxides on the
charge distribution, a novel method [4] is adopted to form a quartz surface
covered partially with organic molecular films. The technique is related to the
phase-separated Langmuir-Blodgett (LB) films [7-10]. The effect of the
organic molecular films on the charge distribution is discussed in this chapter.

Here the LB films are referred briefly: in 1935, Langmuir first reported
the systematic study of monolayers of amphophilic molecules at the water-air
interface [11], followed by_ Blodgett and Langmuir's reports about the built-up
multilayer films [12,13]. Then the built-up monolayer assemblies formed by
their method is call the LB films. The method ilsing a trough to assemble the
LB films is schematically illustrated in Fig. 4-1. At first, a spread monolayer
on a subphase is compressed by a barrier. When the monolayer changes into a .
solid phase, the monolayer formed on the subphase is transferred on a
substrate. The monolayer physically lies on the substrate. On the other hand,
a monolayers cén— be also realized by chemical bonding with the substrate
through the substrate base (e.g. -OH) and the end base of the molecule (e.g. -S-
Clz) [14]. The novel method adopted here to form a partially covered films

utilizes both features. At present, the troughs and the related apparatus are
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commercial available, and various LB films were formed, characterized and

applied in many fields.

4-2. Experimental
4-2-1. Chemicals

Electrolytes with pH values of 3 to 11 were used for the measurement of
force-distance curves: HCIO4 for pH 3 to 4, phosphate buffer solutions for pH
5 to 8.5 and NaOH for pH 10 to 11 were used. The ion concentrations in
phosphate buffer solutions (KH,PO4 + NaOH) were adjusted so that the Debye
length ! became 10 or 30 nm. The electrolytes with the Debye length of 10
and 30 nm correspond to the solutions containing a 1:1 electrolyte of 10°3 and
10% M, respectively. The chemicals used were commercially available G.R.

grade reagents and were used as received.

4-2-2. Preparation of a partial modified surface with an organic
molecule by the LB method

Fujihira et al. reported previously that the formation of a polyion
complexed LB film of ‘a mixture of carboxylic acids with a hydrocarbon (HC)
and a fluorocarbon (FC) long tail, results in HC islands on top of a FC sea [7-
10]. When a mixed LB film of a long alkyl (HC) trichlorosilane compéund
and a FC-carboxylic acid was deposited on a quartz surface, the formation of a
"side by side" structure [10], i.e. HC islands surrounded by a FC sea, was
found [4]. In the deposited single monolayér, the HC-silane coupling reagent
was found to be polymerized and bound chemically on the quartz substrate,
while the FC-carboxylic acid was adsorbed via electrostatic interaction. The

sea part consisting of the FC-carboxylic acid was easily removed by
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ultrasonication in ethanol [4]. An outline of the silanization on a quartz .
surface is illustrated in Fig. 4-2.

In the present work, quartz surfaces were chemically modified in the
same procedure. A 1 mM chloroform solution of a 2:1 molar mixture of
octadecyltrichlorosilane, CH3(CHz2)17SiClz (n-OTS) and partially fluorinated
carboxylic acid, CoF19CoH4O-C2Hy-COOH (PFECA) was spread on an |
aqueous subphase containing 0.2 mM CaCly, and 0.05 mM NaHCOs. The LB
film deposition was carried out with an LB trough (Kyowa Interface Science).
The compression speed was 14 cm? min! and the lifting speed of the substrate
was 5 mm min-l. The monolayer film was transferred to the quartz plate.
The temperature for the LB film preparation and deposition was 15 °C. The
monolayer film on the aqueous subphase was deposited at a transfer ratio of
unity when the immersed quartz substrate was withdrawn at 20 mN m!. The
quartz plate covered with the mixed monolayer of polymerized n-OTS (p-HC-
siloxane) and PFECA was put into an 80 ‘C oven for 1 day to promote
chemical binding of p-HC-siloxane to the quartz surface. Finally, it was
cleaned in an ultrasonic bath with ethanol in order to remove PFECA.

Force measurements were performed in the similar way with chapter 3.

4-3. Results and Discussion

The LB films formed in this study are expected to be composed of the
islands of p-HC-siloxane on the quartz substrate, since the FC is removed and
only p—HC—siloxané remains due to the Si-O- chemical bonding to the substrate
(Fig. 4-2). Figures 4-3(a) and (b) show an AFM and a friction force
microscopy (FFM) [15,16] image of the chemically modified surface recorded

in air, respectively. About 2 nm height of the islands from the substrate level
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in Fig. 4-3(a), which is much larger than the height difference between the HC
1slands and the FC sea observed before ultrasonication, confirms the removal
of the FC éea [4]. The FFM image shows that the friction over tflle island is
much lower than that over the exposed quartz surface. The friction loop [7],
which the indicates friction - X curve measured during forward and backward
scan along a line in Fig. 4-3(b), is shown in Fig. 4-4. It clearly shows that the
difference in friction between the film covered and uncovered surfaces. The
difference is much greater than fhat between the HC islands and the FC sea
[4,17]. This result also indicates that this sample has the HC islands on the
quartz substrate without the FC sea.

Figure 4-5 shows the force-curves on the covered and the uncovered
region in a HCIO4 solution of pH 3. In accordance with the result at pH 3 in
Fig. 3-8 in chapter 3, where the SizsN4 tip was charged positively and the SiO;
surface negatively, the attractive force wés found on the uncéwered region.
The attractive force on the HC covered region was, however, lower than that
on the uncovered region. As shown in Fig. 4-6, the force-distance curves at
pH 6.8 exhibit that the force was slightly repulsivé and the magnitude was
almost equivalent over the covered and the uncovered region. A small
repulsive force might be induced by a slight negative charge on the Si3Ny tip,
because the IEP of Si3Ny is slightly lower than pH 6.8. Figure 4-7 shows the
force-distance curve at pH 10. At this pH, it is expected that the dissociation of
the -OH group on SizNy advances and thus both surfaces of the quartz
substrate and the tip charge negatively, which results in the strong repulsive
force, as shown in Fig. 4-7. The repulsive force over the covered region is
weaker than that over the uncovered region.

As described above, both at the low and the high pH, the force of the
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electrical double layer over the HC covered region was weaker than that over
the uncovered region; independently of the repulsive or attractive force. The
reason why the force was weakened has not been clarified yet. One of the
possible explanation is, however, that the silane reagent reacts with some -OH
sites on SiO, and the surface density of the -OH group decreases by the
silanization reaction. Since the film was formed by the LB method, the film
~was almost pin-hole free. It is, however, impossible to reduce the number of
the -OH group on the quartz surface completely due to the steric structure of
the molecule. The remaining -OH sites show the lower double layer force.
Another explanation is that the dissociation of -OH groups into -O” on the
modified surface was suppressed in comparison with the uncovered surface

due to lowering in dielectric constant in the vicinity of the surface -OH groups.

4-4. Conclusion

The quartz surface covered with the HC islands showed that the force-
distance curve was different from that over the uncovered surface at low and
high pHs. The pH dependence of the electrical double layer forces at the
uncovered and the modified surfaces was interpreted in terms of the acid-base
equilibrium of the surface -OH groups and the effect of chemical modification

on the surface acid-base reaction.
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Figure 4-1. Schematic illustration of a conventional
Langmuir trough.
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Figure 4-2.  Schematic illustration of silanization reaction
on a quartz surface.
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Figure 4-4. A friction loop corresponding to the friction -X
curve measured during forward and backward
scans along a line in Fig. 4-3(b).

_ 84 -



Chapter 4 Langmuir-Blodgett Films on Oxides

o

°  HC molecule covered

surface 2
X Quartz surface 1

o pH 3 | 1

Force (nN)

S © o ©

(0 0] (o)) SN N
1

L l L L L I i 1 L I Ll I l L I 1

20 40 60 80 100
distance (nm)

1
QO

Figure 4-5. Force-distance curves over the p-HC siloxane
island and an exposed quartz surface of the
chemically modified quartz in HCIO4 with pH 3

(the Debye length 10nm).
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Figure 4-6.  Force-distance curves over the p-HC siloxane
island and an exposed quartz surface of the
chemically modified quartz in a phosphate buffer
solution of pH 6.8 (the Debye length 30nm).
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Chapter 5

Electrical Double Layer
“on Potential Controlled Gold Films

5-1. Introduction

In chapter 3 and 4 [1,2], the interaction between oxide surfaces and a
silicon nitride (SizNy) tip in electrolyte solutions was studied by AFM. For
the insulating samples and tip, their surface charges are regulated by the pH of
the electrolyte [3]. The DLVO theory [4,5] is readily applicable to the case
where surfaces approach each other under the condition of constant potential
or constant charge [3,6]. For oxide surfaces, however, the pyotonation and
dissociation of surface acid-base sites can be affected by the close proximity of
a second surface. This is called charge regulation [7]. In this case interactions
should be analyzed based the model which is intermediate between constant
potential and the constant charge condition. Since early times in
electrochemistry, the double layer on an isolated electrode has been studies [8-
11], but there had been no concept that the interaction is induced by |
approaching of two electrodes, which potentials are controlled
éleétrochemically. The surface potentials of metal electrodes can be kept
constant.during approach, when the potentials are controlled electrochemically
by a potenﬁostat. Here a question arises: does vthe boundary condition of
constant potential used in the DLVO theory hold on the approaching?

The models of the electrical double léyér are also based upon a

nonrealistic geometrically flat and chemically homogeneous surface, while real
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electrode surfaces have roughness and inhbmogeneity ranging from atomically
flat to polycrystalline. The surfaées of liquid Hg and single. crystals are
examples of the former and the film surfaces vapor deposited with high
deposition fates are examples of the latter.

The surface charge of a;metal electfode is equal to zero at a potential
which is called potential of zero charge (pzc) [10]. The pzc's, which are
known to be related to the work functions, depend not only on the kind of
metal but also on the particular crystal face of a single crystal of a metal
[10,11]. Therefore, the pzc of a polycrystalline electrode surface changes
from place to place and the observed large-scale pzc is the average value of
these distributed pzc's from the micro scale. It is of interest to develop a new
method which provides the distribution of pzc on the fnicro scale.

In this chapter, the interaction between a flat Au surface and a Au-
covered or bare SizN4 tip in an aqueous electrolyte is analyzed. When the
sémple and the tip are Au, the same potential is applied to both of the Au
surfaces by a potentiostat. In order to minimize the effect of the charge
regulation on the charge on the bare SisNjy tip, a sufficiently high pH of 10.9
compared with the isoelectric point of SisN4 (pH 5-6) [1] is used. The effects

of the controlled potentials on the surface forces are discussed.

S5-2. Experimental

An AFM (Nanoscope III, Digital Instruments (DI)) was employed to
obtain force-distance curves in an electrolyte solution. An electrochemical cell
supplied from DI was used. The force was measured by a laser beam
deflection caused by bending of a cantilever with a spring constant of 0.12 N

m-1. The cantilever was made of Si3N4 with a pyramidal tip. Some tips were
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covered by a sputté’red Au film with a thickness of 30 nm. 'The bare tip radius
and the cone anglé 20 of the shank were about 50 nm and 70°, réspectively.
The force-distance curves were measured by changing the sample position z
with respect to the tip. The sample position was determined by the voltage
applied to the piezo z-electrode corrected for the hysteresis, and the origin was
chosen as a position from where a linear repulsive change started in the contact
regime on a recorded deflection-sample position curve. Finally, the force
curves were plotted with respect to the calibrated true separation between the
sample surface and the tip apex, corrected for the cantilever bending.

| The sample was formed by Au deposition on a mica sheet. The vacuum
for the deposition was 2x10-8 Torr, the substrate temperature 400 °C, the
deposition rate 0.1 nm s-1, and the resulting Au thickness 200 nm. Figures 5-1
(a) and (b) show an AFM and an FFM image of a Au sample recorded in
aqueous NaOH of pH 10.9, respectively. The film was not a perfect single
crystal, but partially epitaxially grown with a (111) face.

The electrode potential was controlled by a potentiostat (NPGFZ-2501-A,
Nikko-Keisoku). Pt wires were used as a reference and a counter electrode.
The potential was expressed relative to the normal hydrogen electrode (NHE).
in this study. The potential correction was performed by comparing a
reduction peak potential of Au oxidation in a cyclic voltamograms (CVs) using

the Pt reference electrode with the peak potential in a CV of the same Au
| surface in the same solution using a Ag/AgCl reference electrode.. The
electrolyte solution was aqueous NaOH of pH 10.9. In this solution, the
thickness of the diffuse double layer, i.e. the Debye lehgth (K-l),. is 11 nm.
The apparatus was set in a glove box filled with pure nitrogen gas to reduce

the oxygen concentrations in the atmosphere and in the electrolyte solution.
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Before all measurements, the electrolyte was bubbled with nitrogen for longer
than 30 min for deaeration.  Differential capacitance-potential (C-E)
cha/récteristics and CVs were measured in situ before and after the force-
distance curve recording. The capacitance was measured by a two-phase lock-

in ainplifier with a sinusoidal modulation of 30 Hz, 5 mV in amplitude.

5-3. Results and Discussion
5-3-1. Electrochemical measurements
Figures 5-2 (a) and _(b) show CVsin a 7.5x10-4 M NaOH aqueous solution |
(k-1 =11 nm) for a Au film ahd a Au-covered tip electrode, respectively. The
separation between the sample and the tip was fixed to be about‘SO um where
the electrical double layer interaction between these two electrodes can be
completely neglected. The dotted lines in the figures, whose ordinate shifted
by -10 mA cm-2, are the CVs observed by the potential sweep between -300
and +300 mV This potential region is called the double layer region, where
no surface reactions such as oxide formation proceed. The more positive
potential for oxide formation observed on the tip than on the film iﬁ the CVs
with the wider potential sweep (solid lines) suggests that the sample's film
surface is cleaner, perhaps due to its preparation under hi gher vacuum. The
higher capacitive current observed in the double layer region on the tip than
on the film indicates that the surface roughness on the sputtered Au tip surface
is higher than the Au sample film prepared under UHV at a high temperature.
The roughness difference between these two surfaces was also confirmed by
the capacitance measurement described below. The following experiments
were carried out only at the potentials in the double layer region.

The C-E characteristics of the film and the tip Au electrode in the double
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Chapter 5 Electrical Double Layer on Potentiai Controiled Gold Films |
layer region are shown ‘ing Figs. 5-3 (a) and (b), respectively. The ordinate
refers to the differential capacitance per unit area, where the roughness factor
of the sample surface is not taken into account. The higher differential
capacitance measured on the sﬁuttered Au tip than on the Au film confirms
again the greater roughness of the former electrode. Although a ’slight
hysteresis less than 50 mV between the voltage sweep directions was found,
only the C-E curve observed undef the positive sweeps is shown. A minimum
near -100 mV was found for both curves, which probébly correspond; to the
pzc for these sample surfaces. The minimum potentials of -100 mV are much
more negative than the reported pzc values ranging from +570 mV to +160
mV for different crystal faces of Au single crystals and polycrystalline Au as
listed in Table 5-1. All literature values of the pzc's were measured in a
solution of HClO4 [12] or NaF [13], in which no specific adsorption of anions
was expected to occur. The results shown in Fig.5-3 suggest that Strong
specific ‘adsorption of OH™ anions occurréd on both Au surfaces, which agrees

with results reported by others [14,15].

5-3-2. Interaction force measurements between a Au film and a
Si3Ny4 tip |

The interaction force was measured between a Au film, whose potential
was controlled by a potentiostat, and a SizN4 tip, immersed in a 7.5x10% M
NaOH solution of pH 10.9, as shown in Fig.5-4 schematically. The surface of
the Si3sN4 tip charges negatively in an electrolyte solution of pH 10.9 because
the isoelectric point of the SizNy tip was determined to be about 5 as reported
previously [1,2]. The force would be attractive if the Au sample surface were

positively charged, and repulsive if it were negatively charged. The forces
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were measured, however, always to be repulsive, independent of the potential
being on the negative or positive sides of the pzc, as shown in Fig.5-5.

To clarify the eleC%rical double layer contribﬁtion, the measured force at
a constant separation of 13 nm was plotted as a function of the electrode
potential as shown in Fig.5-6. At this separation of 13 nm, the van der Waals
attractive force contribution to the measured force was found to be negligible,
which was consistent with the theoretical calculation. The diffuse double
layers on both surfaces were overlapped significantly at this separation to give
the measurable electrical double layer force, because the Debye length was 11
nm at the electrolyte concentration used. The electrical double layer force was
expected to be weak near the pzc of the film Au electrode and in fact the
minimum in the force was observed near -100 mV. The potential was very
close to that for the minimum of the C-E characteristics shown" in Fig.5-3(a).
A repulsive force, on the other hand, was observed at potentials on both sides
of the pzc and increased as the potentials diverged from the pzc. The increase
in repulsive force on the negative side of the pzc is understandable in view of
the repulsive electrical double layer interaction between the charged surfaces
with the same sign [4,5]. However, on the positive side of the pzc, an
attractive electrical double layer force was expected according to theories of
interactions between dissimilar surfaces [16,17]. An increase in the negative
diffuse double layer potential even at the positive side of the pzc has been
reported at Hg electrodes where anions were adsorbed specifically [18]. Our
results strongly support the specific adsorption of OH anions on the Au
electrode surface; the adsorbed OH anions overcompensate the positive charge
at the Au surface at potentials more positive than the pzc. Figure 5-7 shows a

schematic image of the electrical double layer on the Au surface in aqueous
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NaOH. In this way, the double layer force measurements can provide us the

direct evidence of specific anion adsorption.

5-3-3. Interaction force measurements between a Au film and a
Au-covered tip |

The potential value of each surface can not be ‘estimated from the
measurement of the surface forces between two different materials, because
-the measured forces depend only on the product of the two potential values
[16,17]. It should be noted here that the surface potential used in colloid
science corresponds to the potential at the outer Helmholtz plane, W5, used in
electrochemistry. The force measurements between the same materials uﬁder
the same controlled equivalenf potential were performed to obtain the diffuse
double layer potential near the surface, as shown in Fig.5-8 schematically.

In general, the pzc of even the same material changes at different crystal
faces [10,13] as shown in Table 5-1. The Au-covered tip and the Au film
electrode, however, showed similar C-E characteristics as shown in Fig.5-3,
indicating that both surfaces have almost the same pzc. This coincidental
agreement in the pzc between the polycrystalline Au—coveréd tip and the
epitaxitially grown Au film electrode can be the influence of reconstruction of
the Au single crystal face on the sample [13,19] or of the specific adsorption of
OH" [15]. In the present study, potentials were cycled before the C-E
measurements in the potential region including Au oxidation. A detailed study
on this point is now under investigation. In the following experiment, the
potentials for both of the Au electrodes were kept the same by the potentiostat
and thus both tip and sample were expected to have the same diffuse double

layer potentials. The electrolyte used was the same 7.5%x10"4 M NaOH solution
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of pH 10.9 as in the above measurements.

Figure 5-9 shows the interaction forée measured at the same separation of
13 nm as in Fig.5-6 as a function of the controlled potentials. The force
decreased more steeply near the pzc than in Fig.5—6 and increased as the
potential diverged from the pzc on both sides of the pzc. Since the tip and the
sample were. at the same potential, the forces were always expected to be
repulsive regardless of the polarity of the potential. From the above result
obtained with the bare SizNy tip and the Au sample film described in section 5-
3-2, it can be safely concluded that the potential in the diffuse double layer is
always negative regardless of the electrode potential. The more enhanced
‘increase in the repulsive force between the Au-covered tip and the Au sample
film near the pzc can be attributed to the simultaneous increase in the charge
of the Au-covered tip in contrast with the cohstant negative cha{ge of the bare
fip under a constant pH.

The open circle dots in Fig.5-10 are the measured force curve at
electrode poténtials of +20 mV. The curve calculated from the DLVO theory
under the constant potential condition is also plotted in Fig.5-10. In this
calculation, for the electrical double layer force, the strict DLVO theory
[3,5,9] was used rather than the previous approximate method [1] by taking
into account tip geometry [1]. The Hamaker constant was estimated to be
40x10-20 J by Derjaguin [20] and the tip geometry was calculated by the radius
described in the specification by the supplier (DI) and the estimated thickness
of the sputtered Au film. From this fitting, the potential at the outer
Helmholtz plane, W, is estimated to be about -230 mV. Even taking into
account the more negative pzc value of -140 mV shown in Fig.5-9 than -100

mV in Fig.5-3, the potential at the Au surface from the pzc was calculated to
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be +160 mV. The potential at the outer Helmholtz plane, W5, should be
smaller than this potential of +160 mV. This discrepancy may arise from 1)
too small anwestimated value for the tip radius [1], ii) too large a value for the
spring constant of the 1;sed cantilever [21], and/or iii) too large a value used as
the Hamaker constant than realistic [22]. |

Throughout the present experiment, an inhomogeneous distribution of
force 'in the x-y plane was‘ not clearly observed. The result indicates that
domain sizes of single crystal faces, especially after the reconstruction, were
smaller than the lateral resolution of the electrical double layer force

measurements. The lateral resolution was expected to be larger than the tip-

sample distance used, i.e. 13 nm.

S-4. Conclusion "

The interaction between two approaching electrodes, the potentials of
which were electrochemically controlled, has been measured and characterized
for the first time. Force-distance measurements with an AFM in an electrolyte
solution can afford an analysis of the electrical double layer. The potential of
the outer Helmholtz plane of the electrical double layer can be also estimated
from the analysis. By cdntrolling the electrode potentials of the sample
surface and/or the metal coated tip, the pzc's of metals can be readily
determined. Using this technique, pzc's were determined for a Au-covered tip
and a Au sample film in a NaOH solution of pH 10.9. These results together
with sign of the electrical double layer force confirmed the specific adsorption
of OH™ to Au reported in the literature. The contribution from the AFM will
expand the range of analytical techniques for the study of the electrical double

layer structure, especially as a function of the distance from the electrode
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surface [1,2,23], and for mapping the potential [24] at the outer Helmholtz

plane, W7, with high lateral resolution in a x-y plane.
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Table 5-1. Point of zero charge for the two type of Au electrodes in the

present work and different crystal faces of Au single crystals and

polycrystalline Au reported in Refs. 12 and 13.

75x10“M NaOH | 1 mMHCIOs | 10 mM NaF

A (mV vs. NHE) | (mV vs. NHE) | (mV vs. NHE)
Au film electrode -100
Au covered tip
-100
electrode
(1’11) v +570 [13]
(100) | +380 [13]
(110) . : +190 [13]
polycrystalline ‘ +190 [12] +160 - +190 [13]
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4
o
T

IS

-500 0 ' 500 1000
E/mV vs. NHE

Figure 5-2.  Cyclic voltamograms (CVs) for (a) a Au film
on a mica sheet and (b) a Au-covered tip in
7.5x10-4 M NaOH. The sweep rate is 20 mV s-1.
The dotted lines are the CVs under a potential
sweep only in the double layer potential region
from -300 to +300 mV. The currents were
normalized with geometric electrode areas.

- 102 -



Chapter 5 Electrical Double Layer on Potential Controlled Gold Films

ﬂ.-(a) Au film

T 35+
Q
5
< 30+
&

254+

20 J T ) . { %

-300 -200 -100 O 100 200 300
o E /mV vs. NHE .
1201 .
(b) Au covered Tip

o 110“"
£
Q
L 1004+
~
Q

90+

80 -+ + % ] |

-300 -200 -100 0 100 200 300
E /mV vs. NHE

- Figure 5-3.  Differential capacity of (a) a Au film on a mica
sheet and (b) a Au-covered tip in 7.5x104 M
NaOH. The sine modulation was 30 Hz in
frequency and 5 mV in amplitude, and the voltage
sweep rate was 4 mV s-1.
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potentiostat
C.E. R.E W.E.

AFM unit

Figure 5-4. - Schematic diagram of the experimental setup
used in the force measurements between a Au film
and a Si3Ny tip. A sample of Au film is set on a
sample stage on top of a tube piezo scanner of the
AFM, the potential of which is electrically
connected to the working output of a potentiostat.
Two Pt wires are inserted in the cell as a reference
electrode and a counter electrode, respectively.
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Force /nN

Distance /nm

Figure 5-5.  Force-distance curves between a Si3Ng tip and

a Au film whose potentials were controlled at -
200, -95, and +30 mV.
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Figure 5-6.  Potential dependence of surface forces at a
separation of 13 nm between the Si3Ny tip and the
surface of the Au sample film.
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Figure 5-7.  Schematic image of the electrical double layer
on the Au surface in aqueous NaOH.
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| potentiostat
C.E. R.E W.E.

AFM unit

Figure 5-8. Schematic diagram of the experimental setup
~ used in the force measurements between a Au film
and a Au-covered tip. A Au film and a Au-
covered tip are electrically connected and
electrochemically controlled as a working electrode
by a potentiostat. Thus the potentials of the two

Au are the same.
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Figure 5-9.  Potential dependence of surface forces at a
separation of 13 nm between a Au-covered SizNy

tip and the surface of Au film. The potentials for
both Au surfaces were always the same.
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Figure 5-10. A force-distance curve between the Au-covered
tip and the Au film whose potentials were
controlled at +20 mV. The line indicates the
DLVO fit, where 40x10-20 J [20] was adopted as
the Hamaker constant for a Au/water/Au system.

- 110 -



Chapter 6 A New Method to Measure Surface Tension for Solid Electrodes
Chapter 6

A New Method to Measure Surface Tension
for Solid Electrodes

6-1. Introd}uction

Understanding the structures of electrical double layers formed at the
interfaces between solids and liquids can be achieved through the detailed
analysis for the surface excess and the surface charge density by measuring the
double layer capacitance, the surface tension, and so on. The surface tension
and the surface charge density are deeply interconnected according to the
Lippmann equation [1]. The surface tension and the capacitance can be
measured directly, and the potentials for the maximum of the surface tension
and the minimum of the capacitance can be used to determine the point of zero
charge (pzc). The pzc is electrochemically referred to the applied bias voltage
giving no charge on the electrode surface. Grahame [2], Delahay [3], and
Parsons [4] have independently reported the meaningful results for the
electrical double layers of liquid mercury in aqueous solutions. However,
their méthods can not be applied to solid metal electrodes to obtain the surface
tension. Although Beck suggested the method [5] to estimate surface tension
by measuring the stretch of a metal ribbon with applied voltage, the ratio of
the stretch to thé ribbon length is small and then it is not easy to measure the
surface tension precisely.

In this chapter, the author suggests a novel method to measure the change

in surface tension on a solid electrode with applied bias voltage, using atomic
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force microscopy (AFM) [6], which utilizes the laser beam deﬂecpion to
measure the displacement of a microfabricated cantilever. As an example of |
measuring the surface tension of solid electrodes, Au films in contact with an
HClO4 aqueous solution is used. Since it was reported that ClO4 ions are
hardly adsorbed specifically [7], many researches have carried out the
capacitance measurements in the double layer of Au electrodes in aqueous
HClO4 solutions [7-9]. In chapter 5, the specific adsorption of OH was
indicated from the results of the force measurements. In this chapter,
therefore, the specific adsorption of OH on Au surface is also discussed on the
basis of the potential dependence of surface tension, which is evaluated by this

new method of surface tension.

6-2. Principle of Surface Tension Measurements '

A schematic diagram of a novel method to measure the change in surface
tension with applied voltage is shown in Fig.6-1. This setup utilizes an AFM
apparatus with a microfabricated cantilever immersed in an electrolyte. On
one side of the cantilever, a Au film (ca. 30 nm) was coated by spattering.
The potential of the Au film was controlled by a potentiostat. The one-side Au
coated cantilever is bent by the difference in surface tension between the bare
side and the coated side. By AFM we can measure the deflection of the
cantilever with high precision better than 0.1 A. The cantilever is made of
single crystal Si, and the oxidation layer formed on the bare surface exhibits
electric insulating. Then the change in bending with applied voltage is
attributed to the change in surface tension on the Au-coated surface.

Hereinafter the relation between the bending of the cantilever (0) and the

change in the surface tension (y) will be described. Figure 6-2 shows a
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schematic structure of a cantilever referred to a rectangular cantilever formed
from a homogeneous material (Si). The left end of the cantilever is fixed to a
thick Si body (a Si pad) and the other end stands free. The bottom side of the
cantilever is coated with a very thin Au film. The mechanical properties of
the cantilever, such as the Young's modulus, are assumed to be unchange by
the coating. The bending force (F), which equals the surface tension time the
width (w) of the cantilever, exerts at the bottom corner on the right end of the

cantilever to the - x direction,

F=yw 6.1)
Since the Au layer is thin compared with the thickness of the cantilever, the
neutral plane of the bending is the middle plane of the cantilever, y=0. The

bending moment at an arbitrary position on the x axis is given by

M=-ZF

- e - (6.2)

d?s M
— = (6.3)
wd>
[ = — 6.4
o 6.4)

where E is the Young's modulus, I the second moment of area. Thus

integrating equation (6.3) two times, we obtain
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M 1,
0 = ~EH (Ex + Cx +C) (6.5)

)
At x=0, then %; = 0 and & = O, the above equation leads to

2 .
o = - Mx (6.6)
2FI

At the free side of the cantilever, x=/. Introducing (6.2) and (6.4) into (6.6)

(6.7

Finally, the equation of the surface tension vy is obtained as follows:

X |
y = %’2— S (6.8)

For example, E=1.65x101! Pa for Si, d= 1.7 ym, w = 48 ym and [ = 439 ym

for the cantilever used in this study, then the following formula is obtained,

Y [mNm™'] =0.825x5__ [nm] | (6.9)

In our AFM measurements, only the change in the bending is evaluated. The

change is expressed as follows:

Ay =y - Y (6.10)

where ymax 1S the surface tension given at pzc.
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6-3. Experimental

A commercial AFM (SPA300 with a controller of SPI-3700, SEIKO
Instruments) was employed for the surface tension measurements. The laser
beam deflection was measured by a 4-sectioned position sensor of a
photodiode. The Si cantilever, which is made of single crystal silicon by
microfabrication, is commercially available (Nanoprobe). The cantilever was
cleaned with ethanol, acetone and ethanol again, and then heated at 80 °C in an
RCA alkali solution (H;Oy : NH4OH : HbO = 1:1 : 5) [10] for 1 min and
rinsed with milli-Q water. Since the RCA alkali solution is a strong oxidant,
the above procedure not only removes organic contaminant, but also forms an
oxide layer on the surface: the cantilever surface was covered with an oxide
layer, about 1 nm thick {10]. Then the one side of the cantilever was Au-
sputtered with a thickness of about 30 nm. The spring constant of the
cantilever was 0.11 N ml, and the size was described in the above section.
The Au film was electrically connected through a Au wire covered with resin
of electric insulator. The potential of the Au film electrode was controlled by
a potentiostat (NPGFZ-2501-A, Nikko-Keisoku). The Au—coéted cantilever
and two Pt wires were immersed in an electrolyte in an AFM electrochemical
cell, where the Au film acted as a working electrode, Pt wires acted as a
counter electrode and a reference electrode. The potential was referred to the
normal hydrogen electrode (NHE). The potential correction was performed
by comparing the rereduction peak potentials of the same Au film electrpde in
the same solution between cyclic voltamograms (CVs) using the Pt and a

Ag/AgCl reference electrode. The electrolyte aqueous solution were 102 M

HCIO4 and 103 M NaOH. The AFM apparatus was set ina glove box filled
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with pure nitrogen gas to reduce the oxygen concentrations in the atmosphere
and in the electrolyte solution. Before all measurements, the electrolyte was
bubbled with nitrogen for longer than 30 min for deaeration. Additionally to
the above surface tension measurement, the cépacita:nce of the Au film was

measured by a lockin amplifier.

6-4.Results and Discussion ,

Figures 6-3 (a) and (b) show cyclic voltamograms (CVs) in a 10> M
HCIO4 (pH 3) and a 103 M NaOH (pH 11) aqueous solution for a Au film
electrode, respectively. On sweeping the voltage positively, the Au surface
was oxidized and the oxidation current was detected. On the other hand,
negatively, the oxide surface was rereduced to a bare Au surface backwardly.
The difference in the peak potentials in (a) and (b) comes from the different
pHs of the solutions. On the negative side of the rereduction peak, the flat
potential regions up to the Hy generation are observed. This potential region is
called the double layer region, where no surface reactions proceed such as
oxide formation. The surface tension and capacitance measurements were
carried out only in the double layer region. |

Figure 6-4(a) shows the characteristics of surface tension versus the
electrode potential in the double layer region in HClIO4 and NaOH solutions.
The ordinate indicates the value Ay, which is the decrease in the surface
tension from the maximum value, expressed in €q.(6.10). The voltage sweep

rate was 20 mV s!

. Both of the curves exhibit parabolic. The parabolic shape
of these are resembled to so called electrocapillary curves for liquid metals
such as Hg [2]. The electrocapillary curves are also called the y-E curve. The

resemblance confirmed that the surface tension of the solid electrode was
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measured successfully by the present method.

THe maximum of the curve in HClIO4 was found to be about 200 mV.
The potential at the maximum should correspond to the pzc: the maximum of
the surface tension means that the repulsive interaction between the charges
homogeneously distributed on the surface is the weakest, so that the charge
should be zero at the maximum point, pzc. This result explicitly indicates that
the method suggested in this study is a very powerful tool to determine the pzc
value of solid electrodes, and moreover, by differentiating the ;:urve the
charge density can be evaluated. |

To justify the method to measure the surface tension directly, an
experiment with a cantilever without Au-coating and a pad with Au-coating
was carried out. A Au wire was connected to the pad with Au-coating. If the
reflectivity of Si were changed by the change in the potential, the photo-
voltage of the diode would be affected by the change in intensity of the
reflected beam, even if there were no difference in the surface tensions
between the top and bottom part of the cantilever. Figure 6-4(b) shows the
photodiode output observed With the bare cantilever in 10> M HClO4 solution.
No change with the potential was observed suggesting that difference in the
surface tensions and the reflectivity of the bare Si were not affected by the
‘potential control at the pad. In other words, Si was insulated by the inde
layer formed by the chemical oxidation. Therefore, it is obvious that the
measured change with the Au-coated cantilever was caused by the change in
the surface tension of the Au film electrode on the cantilever.

The capacitance-potential curve, which has been usually used for
determination of pzc of solid electrodes, was measured in 103 M HClOq4

solution and is shown in Fig.6-5. The curve in Fig.6-5 shows a minimum at
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the potential about 220 mV, which is close to the potential obtained from the
maximum of the surface tension vs. potential curve. Because the polarity of
the charge at the electrode surface changed at the pzc depending on the applied
potential, the minimum of the capacitance curve and the maximum of the
surface tension curve should agree with each other. The literature values of
pzc [7,11,12] determined by the capacitance method.were +160 - +200 mV in
the same electrolyte These are also close to the value obtained in this study.

The y-E curve in Fig. 6-4(a) in a NaOH solution shows a maximum at
about -100 mV. This pzc value agrees with those of the potentials in chapter
5, which were estimated from a minimum in the C-E characteristics or a
minimum interaction force with the AFM tip as a function of the potential.
Grahame measured mercury electrocapillary curves in various solutions and
found that the maximum point was shifted negatively as the specific adsorption
became stronger [2]. It is concluded from the results in chapter 5 and Fig.6-
4(a) that the specific adsorption of OH™ anion shifted the pzc value of Au

surface toward the negative potential by about -300 mV.

6-5. Conclusion

The author proposed a novel method to evaluate the surface tension of
solid electrodes in an electrolyte, using an AFM apparatus with a cantilever
with one-side Au coating. The pzc value was estimated from the maximum of
the surface tension curve versus the applied potential, and the value was close
to the pzc value obtained from the minimum of the capacitance-potential
curve. This method is very useful to give the pzc and study the electrical
double layer by measuring the surface tension. of solid electrode in electrolyte.

The C-E characteristics with the specific adsorption shows no apparent
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minimum except in very dilute solution less than about 103 M [3]. However,
the y-E curves caﬁ be expected to show a maximum independently of the
electrolyte concentration and therefore will be useful to determine the pzcin a |
concentrated solution. This new method by measuring the y-E curves shown
in this study will contribute to the study of electrical double layers of solid

electrodes particularly in the specific adsorption system.
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Si cantilever

(b)
pad cantilever
0 .
d .
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Figure 6-2  Simplified model of a bending cantilever.
(a) perspective view. [ the length of the cantilever,
w the width, d the thickness. (b) side view. The
coordinates are shown as x and y. The force F
exerts at the bottom right corner. The neutral plane
is taken as the middle plane of the cantilever
referred to y=0.
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Figure 6-3 Cyclic voltamogram (CV) for a Au film
electrode on a Si cantilever in (a) 103 M HCIlO4

and (b) 103 M NaOH. The sweep rate 20 mV s,
The current was normalized with geometric
electrode area, 0.024 cm?.
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Figure 6-4  Characteristics of surface tension versus the
“electrode potential for (a) a Si cantilever with a Au-

coated electrode in 103 M HCIO4 and 103 M
NaOH, and (b) without a Au-coated electrode but
with a Au-coated pad 10-3 M HCIlO,.
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Figure 6-5 Differential capacitance of a Au film electrode
on a Si cantilever in 103 M HClIO4. The sine

modulation was 71 Hz in frequency and 5 mV in
amplitude.
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Chapter 7

Summary

In this thesis, the author has tried to evaluate the electrical double layer
‘structulre at the solid-liquid interface by the measurements of the interaction
force with an AFM. For almost 100 years, the counter ions in the diffused
double layer have been estimated to be distributed according to the Boltzmann
distribution, although there was no direct measurement tool. Here, a new
method with an atomically sharpened tip has been applied to study the double
layer, which can measure the interaction force with a lateral resolution on a
nanoscale, although the surface force apparatus (SFA) was used to evaluate the
distribution by measuring the interaction force without lateral resolution. Itis
noteworthy that the author has evaluated the interaction force and introduced
the concept of the interaction force between approaching electrodes in
electrochemistry, where only a meéhanically isolated electrode had been
studied before. Furthermore, the author has suggested a new method to
measure surface tension on the solid electrode easily, and then opened a new
route for study of solid electrodes.

The summary for each chapter are mentioned below:

In chapter 1, the history of study of the electrical double layers were
described. The features of SFA and SPM, in particular, AFM, which were
recently developed as surface analytical tools, were pointed out, including the

effective application for study of the double layer.
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In chapter 2, force-distance curves with an AFM were calculated for tips
with various shapes, immersed in electrolytes without the low potential
approximation and the Derjaguin approximation. It was revealed that the
interaction force measured with the AFM close to sample surface within
several 10 nm strongly depends on the tip shape, then the importance of tip
shape evaluation and correction was emphasized.

In chapter 3, for oxides, the agreement of the measured force-distance
curves with the calculated curves was clearly shown: it proved that the
calculation in chapter 2 was correct. Moreover, the author has suggested a
new method to measure isoelectric points (IEP) from results of the interaction
measurements.

In chapter 4, organic mono-molecular films were formed with partial
‘coverages on quartz substrates by a new LB film method combined with
silanization reaction. Compared the force on the covered surface with that on
the uncovered surface, it was found that the surface interaction force becomes
weak on the covered area.

In chapter 5, a new method to evaluate the potential at the outer
Helmholtz plane (OHP) has been suggested: by measuring the interaction
forces between the potential controlled electrode and the AFM tip chargéd
with the polarity determined by the pH of the solution, and between both of the
potential controlled electrodes. Using the method, the potential at OHP was
estimated.

In chapter 6, using an AFM, the author has suggested a new method to
measure surface tension of solid electrodes. This method can easily give the

pzc value even in the system with strongly specified adsorption.
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