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Abstract

H-terminated n—Si(111) surfaces (n—Si(111):H) in contact with an aqueous elec-
trolyte (0.1 M HySO,) have been studied in view of charge transfer processes at the

solid / liquid interface with a focus set on processes involving small amounts of charge.

Impedance measurements were utilised for electronic characterisation of the
n—Si(111):H surface in contact with the electrolyte. In addition to the working electrode
potential dependent space charge region at the n—=Si(111):H surface, the experiments
revealed electronically active “surface states” in the Si band gap as a further actor de-
termining charge transfer processes at the solid /liquid interface. These states have been

related to hydrogen incorporated in the n—Si(111):H subsurface region.

Charge transfer via states in the n—Si(111):H band gap was investigated at elec-
tron depleted n—Si(111):H surfaces exemplarily for Cu electrodeposition / -dissolution.
In scanning tunneling microscopy, cyclic voltammetry and impedance measurements Cu
clusters were detected on the n—Si(111):H surface in the working electrode potential
range, where the states are electronically active and, where due to electron depletion of
the n—Si(111):H surface usually no electrodeposition is expected. The Cu cluster size
could be controlled by the n—Si (111):H working electrode potential in the potential range
of electronically active states and did not change, while the electrode potential was kept

constant.

Experiments on Co electrodeposition onto n—Si (111):H under electron accumulation,
did not show a surface state related deviation from the known behaviour of this system.
However, electric fields generated at the n—Si(111):H surface utilising a STM tunneling
contact have been found to allow for localised Co electrodeposition onto the n—Si(111):H
surface at the position of the STM tip, while without electric field Co is not electrode-
posited at otherwise identical experimental parameters. This effect allows to localise elec-
trochemical metal deposition processes to a nanometer length scale and can be exploited

for the creation of complex nanostructures.

Evaluating the role of electric fields in localised Co electrodeposition required determi-
nation of the tip—sample separation and the influence of the STM tip apex radius on the
STM imaging process. For this purpose simulations of a STM tunneling contact taking
into account its three-dimensional geometry and the exponential current—distance depen-
dence, have been carried out and related to experimentally obtained STM images. The
simulations have demonstrated, that for an accurate imaging of nanoscale structures tips
with radii comparable to or smaller than the size of the nanostructures under investiga-
tion are mandatory. Larger tip radii generate artificial shapes of such structures in STM
images together with a loss of detail of the imaged structure and may only give reasonable

image quality on scales larger than the tip radius.
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Zusammenfassung

H-terminierte n—Si(111) Oberflichen (n—Si(111):H) in Kontakt mit einem wéssri-
gen Elektrolyten (0.1 M H3SOy4) wurden in Hinsicht auf Ladungstransferprozesse an der
fest / fliissig Grenzfliche untersucht, wobei der Fokus auf Prozesse gerichtet war, an denen
nur kleine Ladungsmengen beteiligt sind.

Sich in Kontakt mit dem Elektrolyten befindliche n—Si(111):H Oberflichen wurden
mittels Impedanzmessung elektronisch charakterisiert. Zusétzlich zu der vom Arbeitselek-
trodenpotential abhédngenden Raumladungszone an der n—Si (111):H Oberfliche, enthiill-
ten die Experimente elektronisch aktive ,Oberflichenzustinde” in der Si Bandliicke, die
ebenfalls eine Rolle in Ladungstransferprozessen an der fest / fliissig Grenzflache spielen.
Diese Zustande konnten auf oberflichennahem Wasserstoff in n—Si (111):H zuriickgefiihrt
werden.

Ladungstransfer iiber Zusténde in der n—Si (111):H Bandliicke an n—Si (111):H Ober-
flachen im Bereich der Elektronenverarmung beispielhaft fiir elektrochemische Cu Abschei-
dung und Auflésung untersucht. Mittels Rastertunnelmikroskopie (RTM),
Zyklischer Voltammetrie und Impedanzmessung wurden Cu Cluster auf der n—Si (111):H
Oberflache in einem Potentialbereich nachgewiesen, in dem diese Zustdnde elektronisch
aktiv sind und, in dem aufgrund von Elektronenverarmung an der n—Si(111):H Ober-
flache, iiblicherweise keine Elektrodeposition erwartet wird. Die Grofe der Cu Cluster
konnte im Potentialbereich, in dem die Oberflichenzustidnde elektronisch aktiv sind, durch
das
n—Si(111):H Arbeitselektrodenpotential eingestellt werden, und verdnderte sich nicht,
wenn das Elektrodenpotential konstant gehalten wurde.

Experimente zur Elektrodeposition von Co auf n—Si(111):H im Bereich der Elek-
tronenanreicherung zeigten keine Abweichungen vom bekannten Verhalten dieses Sys-
tems, welche auf Oberflichenzustinde hatten zuriickgefithrt werden kénnen. Allerdings
hat sich gezeigt, dak elektrische Felder, die unter Verwendung eines RTM Kontaktes an
der n—Si(111):H Oberfliche erzeugt wurden, lokalisierte Co Elektrodeposition auf die
n—Si(111):H Oberfliche erlauben und zwar an der Stelle, an der sich die RTM Spitze
befindet, wiahrend ohne elektrisches Feld, unter sonst identischen Bedingungen, Co nicht
abgeschieden werden kann. Dieser Effekt erlaubt lokalisierte elektrochemische Metallab-
scheidung auf der Nanoskala und kann zur Erzeugung komplexer Nanostrukturen herange-
zogen werden.

Um die Rolle, die elektrische Felder bei der lokalisierten Co Metallabscheidung spie-
len, auswerten zu konnen, war es notwending den Abstand Spitze-Probe bestimmen zu
konnen, sowie den Einfluf des RTM Spitzenradius auf den Abbildungsprozess. Zu diesem
Zweck wurden, unter beriicksichtigung seiner dreidimensionalen Geometrie und der expo-

nentiellen Strom—Spannungs Abhéingigkeit, Simulationen eines Tunnelkontaktes durchge-
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fiihrt, und in Beziehung zu RTM Bildern aus Experimenten gesetzt. Die Simulationen
haben gezeigt, dak fiir die prézise Abbildung von Strukturen auf der Nanometerskala
zwingend Spitzen erforderlich sind, deren Radien vergleichbar oder kleiner sind als die
Abmessungen der Nanostrukturen, die untersucht werden. Spitzen, die grofsere Radien
aufweisen, geben solche Strukturen nur verfilscht wider, wobei Details der abgebildeten
Struktur verloren gehen, und bieten Bilder annehmbarer Qualitdt nur auf Langenskalen,

die grofer als der Spitzenradius sind.
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Chapter 1
Introduction

The result of metal electrodeposition or electroplating can be found in daily life in the
form of various surfaces, one of the most prominent representatives being chrome fin-
ished surfaces. Besides for an aesthetical aspect, these coatings are usually employed for
increasing durability and resistance against wear of the respective object [1].

However, metal electrodeposition is not limited to such a “macroscopic” application,
but also employed at much smaller length scales. In semiconductor technology electro-
plating for the creation of Cu interconnects has been pursued through the 1990s and
established by IBM end of the 1990s as a replacement of CVD or PVD techniques, which
with decreasing structure size showed shortcomings in the creation of defect free and reli-
able interconnects [2-6]. Following this success, further advance in the field was aspired:
“Copper interconnect technology is an exciting area for the electrochemical community in
particular, as it invites the pursuit of new applications for electrochemical processes and
related understanding, in the fabrication of advanced IC chips.” |2|

The ongoing trend towards further miniaturisation of integrated circuits (IC) to boost
their performance, as evident from Moore’s law 1 [7-9], is accompanied by more and
more sophisticated nanostructuring methods, as e.g. extreme ultra violet (EUV) lithog-
raphy [10,11], electron beam lithography [12-14], x-ray lithography [15,16], or ion-beam
lithography [17, 18] and research on new materials in ICs as, e.g., metal silicides, which
may find an application in ohmic silicide—nanowires interconnects for transistors [19, 20|
or in higher performing gates in CMOS devices [21,22].

Integrated circuits of shrinking structure size require higher precision and less material
in their fabrication process. A smaller amount of material in metal electrodeposition is as-
sociated with a correspondingly smaller amount of charge transferred at the solid /liquid
interface. Therefore, when aiming at structure sizes of a few nanometer, a detailed un-
derstanding of charge transfer processes at the solid /liquid interface is mandatory for a

precise control of metal electrodeposition.

'Moore’s law predicts an approximate annual doubling of components on a chip.
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There have been previous investigations on nanoscale structures at the solid /liquid
interface. However, these studies were attributed to nucleation and growth of low dimen-
sional systems and in particular focused on metal clusters on metal [23-37| and semi-
conductor electrodes surfaces [36-38|, rather than to an investigation of the underlying
charge transfer processes.

In view of experimental techniques, these studies employed scanning tunneling mi-
croscopy (STM) for characterising the solid / liquid interface in real space and as a tool for
generating nanoscale clusters. Besides in the electrochemical environment, where it gave
insights into electrochemical processes and phenomena at an atomic view [25,30,39-45],
the STM is frequently encountered in various areas of physics, where it is employed for
studying or manipulating surfaces their electronic properties |[46-85|

In the present thesis the STM operated at the solid /liquid interface is used as a
complementary technique to “classical” electrochemical techniques as cyclic voltametry or
impedance measurements in the investigation of hydrogen terminated n—Si (111) surfaces
(n—=Si(111):H). The combinations of these methods allows for characterising the topology
and the electronic structure of the n—Si (111):H surface in view of charge transfer processes
at the nanoscale.

The metals chosen for the present investigation of electrochemical charge transfer
processes at the solid /liquid interface and electrochemical nanostructuring are Cu and
Co, respectively. Both metals exhibit properties relevant for applications in (future)
integrated circuits. Cu is a well conduction material and, as mentioned before, is already
used in interconnects in semiconductor devices. Co, on the other hand, due to its magnetic
properties, appears interesting in view of magnetic storage utilising nanoscale structures,
or spintronic devices based on spin polarised current transport in semiconductors [86-91].

In view of electrodeposition, the two metals behave quite different, with the equilibrium
potential of Co being negative and the equilibrium potential of Cu being positive of
the n—Si (111):H flatband potential and, thus, sitting in the potential range of electron
accumulation and electron depletion at the n—Si (111):H surface, respectively.

A further characteristic of the n—Si(111):H surface is its H-termination saturating
dangling bonds and making it robust against contamination, thus guaranteeing “clean”
surfaces in the experiments [92-96|, which makes n—Si(111):H surfaces well suited for
electrochemistry at the nanoscale [36-38,97,98|. Electric fields, however, interact with
such bonds and are therefore another parameter having impact on electrochemical pro-
cesses at solid / liquid interfaces. spatially localised electric fields at n—Si (111):H surfaces
may, thus, allow for control of electrochemical charge transfer processes on a distinct area
of the the electrode surface. Supposing sufficient precision in applying an electric field,

such effects could be exploited in electrochemical nanostructuring processes.



Chapter 2
Basic principles & theory

This chapter briefly introduces the physical phenomena and processes encountered within
the framework of the present thesis and the corresponding theoretical approaches used in
their interpretation.

In the first part of this chapter, fundamental aspects of electrochemical metal deposi-
tion are addressed and related to parameters, which can be controlled in experiments

Next, the tunneling effect and its application in the scanning tunneling microscope
(STM) is reviewed. A sketch of the working principle of the scanning tunneling microscope
and its operation modes is given.

In the end of this chapter a look is taken at semiconductors, in particular Silicon (Si),
in view of their behaviour as electrodes in the electrochemical environment are.

Within this thesis only a coarse overview of these topics can be given. A more detailed
review the reader is referred to, e.g., [99-103] on STM, [104-122] on electrochemistry,
and [106-108,123-131] on semiconductors and semiconductors in electrochemistry. Well-
established relations or equations and well-known phenomena presented in the following

text without an explicit indication of source are taken from and found in these references.
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2.1 Electrochemistry

Electrochemical deposition and dissolution of metals are the processes of attaching metal
ions to and respectively detaching them from a surface (phase 1) that is in contact with
a solution (phase 2), while simultaneously electric charge is transferred between surface
and metal ion. Such electrochemical reactions can be described by Equation (2.1), the

double arrow implying the “dual direction” character of the process:
M = M* + ze (2.1)

Here M“* denotes the metal ion in solution, that becomes a neutral ion (atom) M on the
sample surface when receiving z electrons of charge e from the sample surface.

The driving force behind the respective processes of electrochemical deposition and
dissolution is the difference in electrochemical potentials of the two phases in contact.

The electrochemical potential [; of a phase i is defined by Equation (2.2).
fi = pi + 2 Fp; (2.2)

Here y; and ¢; are the chemical potential and Galvani potential of phase i, respectively.
The Galvani potential of a single phase can not be determined directly, but only with re-
spect to a second (reference) potential (Figure2.1). The difference in Galvani potentials
of two phases is referred to as Galvani voltage. When the two phases are in equilibrium,

the difference in Galvani potentials takes a certain equilibrium value E°. In equilibrium

u

T
_—

Figure 2.1: The Galvani potential of a working electrode (grey square) in contact with
an electrolyte can be measured with respect to a reference electrode in contact with the
electrolyte.
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there is no net transfer of ions (and associated charge) between the two phases, but al-
ways a certain amount of fluctuation: some atoms will go on, while others will go off
the surface. Those particle streams are correlated with charge transfer and thus, with an
electrical current (density). In equilibrium those two currents compensate each other and
their magnitude is referred to as exchange current density jo. When the system is brought
out of equilibrium, one of the two opposing particle streams is becoming larger than the

other and the larger one is the process determining the overall direction.

The sample on the surface of which the electrochemical processes are run is referred

to as “working electrode” (WE) or “electrode”.

The “basis” for the solution in electrochemical experiments is the supporting elec-
trolyte. Aqueous electrolytes consists of anion and cation species dissolved in pure water
and are necessary to establish a diluted phase (of metal ions) on the one hand and to
screen the electric field between the different electrodes to avoid electromigration pro-
cesses within the electrolyte on the other hand. By use of the supporting electrolyte the
potential in the solution can be assumed constant, with a steep potential change at the
electrode / solution interface (see 2.1.1). In the further text “electrolyte” and “solution”

will be used synonymously.

The potentials of the working electrodes can be influenced by integrating them in an
electrical circuit: A reference electrode (RE) is brought in contact with the solution and
acts as a terminal for connecting the solution to the circuit. The potential of the working
electrode in contact with the solution is measured with respect to this reference electrode.
When applying a potential difference between WE and RE, the resulting current in the
working electrode is not delivered from the RE, as this would falsify the measurement of
the potentials in the setup, but is obtained from the counter electrode (CE). Technically

potentials control and corresponding current flow are realised by a potentiostat device.

A schematic illustrating the arrangement of the electrodes in an electrochemical cell

(“three electrode arrangement”) is given in Figure 2.2.

As already mentioned, a single (Galvani) potential can not be measured on an abso-
lute scale, but only with respect to second potential as a reference. Potentials quoted
with respect to a reference (electrode) are denoted Ei,gex, where the index specifies the
potential, e.g. Ewg denotes the working electrode (WE) potential. There are various ref-
erences available in electrochemistry, but, usually, potentials are quoted with respect to
the standard hydrogen electrode (SHE), which is defined as “zero”. This electrode is used
because of its equilibrium potential can be set fast, reproducible and with high temporal
constance. The equilibrium potentials (Galvani voltage in equilibrium) E% for various
electrochemical reactions are available in tables, see e.g. [132-134]. In electrochemistry

no “absolute” reference scale is available, since the definition of “zero” by the standard
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Bi-potentiostat

RE WE CE

? Q ?
| I I

Figure 2.2: Three electrode setup commonly used in electrochemical experiments. The
working electrode (WE) potential is measured and set with respect to the reference elec-
trode (RE) in contact with the solution, while the counter electrode (CE) delivers a
current to establish the working electrode potential.

hydrogen electrode is an arbitrary choice. In surface science the energy scale is usually
given on the vacuum scale of energy, where “zero” is defined by an electron at infinity
distance, i.e. not interacting with the object (surface) under investigation.

These two scales can be related to each other and “zero” of the SHE is found at
approximately 4.5eV below the vacuum energy scale “zero”. Different approaches giving
this result are listed e.g. in [104,106,135] and references therein, where also the following
well accepted derivation [136] is quoted from. It is based on the change in free energy
(“freie Enthalpie” in reference [136]) associated with the reduction of an silver ion. The
characters in brackets indicate the respective phase: g — gaseous, aq — in aqueous solution,
s — solid, “zero” in the potential scale is the electron at infinity. The values in electron

Volts give the respective change in (Gibbs) free energy.

Agt(g) +e = Ag(g) ~7.64eV
Ag(g) = Ag(s) -2.60eV

AgT(aq) = Ag™(g) +4.96 eV
H*(aq) + Ag(s) = Ag™(aq) + 1/2Hy +0.80eV
Ht +e” = 1/2H, —4.48eV

2.1.1 The electrode / electrolyte interface

The interface of a piece of condensed matter (electrode) in contact with an aqueous

electrolyte does not consist of an abrupt change from one to another bulk like phase at
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Figure 2.3: Schematic illustrating different reference electrode potential scales: standard
equilibrium potentials for several metal / metal ion systems are given with respect to the
Standard Hydrogen Electrode (SHE) and Saturated Calomel Electrode (SCE).

the solid /liquid interface, but can be described as series of different regions. Starting
from the bulk of the electrode and going towards the solid / liquid interface there evolves
a space charge region next to the interfacial area, that is opposed by the double layer
in the electrolyte. Within the space charge region and the double layer the potential
difference of the two bulk phases is equalised, where in the electrode electrons or holes
and in the double layer ions represent the charge carrying species, which compensate each
other in total charge.

The model accepted to represent the double layer characteristics in an adequate way
[137—144] is sketched in Figure 2.4. The inner Helmholtz plane is indicated by the range “I”.
It has a width in the order of Angstrém [144,145] and is characterised by partially solvated
ions at the minimum attainable distance to the surface. The outer Helmholtz plane is
indicated by the range “II”. It is characterised by fully solvated ions next to the inner
Helmholtz plane. The diffuse Gouy-Chapman layer is indicated by the range “ITI”. Tt is
characterised by fully solvated ions with a negative gradient in ion concentration towards
the “bulk” electrolyte, due to increasing screening of the space charge at the electrode
surface by the solvated ions with increasing distance from the solid / liquid interface. The
gradient increases with increasing ion concentration of the supporting electrolyte. The
width of the diffuse layer for aqueous electrolytes of concentrations g 0.1 M is of the order
of 10A.

The potential drop across the double layer is proportional to the distance d from the
electrode surface in the range of the Helmholtz layer (“I” and “II”) and proportional e
in the diffuse layer (“ITT”). Without the sharp potential drop at the solid / liquid interface,
a significant electric field gradient would exist between the electrodes and electrochemical
processes would not be diffusion limited but be subject to electromigration due to the
electric field.
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Figure 2.4: Upper part: schematic of the solid /liquid interface. The space charge at the
working electrode surface is compensated by adsorbed “layers” (I to III) of ions in the
electrolyte. Large spheres represent ions, small spheres solvent molecules. Lower part:
schematic of the potential drop across the solid / liquid interface.

2.1.2 Concentration dependent processes — Nernst equation

The actual equilibrium potential E° of a specific metal / metal ion system depends on

Temperature and the activity of the two phases in contact. The deviation from the

standard potential E% of a system is given by the Nernst equation (Equation (2.3)):
00 RT aMz+

EJOWMH = B+ + “F In anr

(2.3)

Here a is the activity, T is the absolute Temperature in Kelvin, R =8.314 Jmol 'K~}
the universal gas constant, F =N, -e—=9.649-107* Cmol~! and E%MH the equilibrium

potential at standard conditions. Activity in this context means effective concentration
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of the phases, which includes e.g. interactions between the ions within a solution. It
holds the relation a = f - ¢, where c is the nominal concentration of the phase and f is the
coefficient of activity, which includes the interactions between the ions. For dilute phases,
i.e. low concentrations and weak interactions, f ~ 1. For a solid metal phase, e.g. a metal
electrode, holds the definition ay; =1. According to Equation (2.3), in such a system a

variation of ayp+ by one order of magnitude leads to a a shift of E by 59/zmV.

RT . 10"
AByppee = oo ln—— = %~59 mV (2.4)

Therefore, increasing/ lowering the concentration of the ions in the electrolyte, shifts the

equilibrium potential E° to more positive/ negative potential values with respect to E%.

2.1.3 Potential dependent processes — Butler-Volmer equation

Applying a potential to a working electrode exposed to a solution of metal ions will
cause electrochemical deposition or dissolution of metal to take place at the WE surface,
depending on the working potential Ewg being negative or positive of the equilibrium
potential E° of this particular system, respectively. A difference n = Ewg — E° < 0 is

defined as “overpotential”, a difference AE = Ewg — E° > 0 is defined as “underpotential”.

The current density j~ related to the cathodic branch M** 4 ze — M (deposition) and
the current density j© related to the anodic branch M — M** + ze (dissolution) depend
on the working electrode potential Ewg with respect to the equilibrium potential Eﬁq /M

according to equations (2.5) and (2.6).

i~ (Bwe — E°) = —joeap [—(1_}%# (Bwe — EO)} (2.5)
it (Ewg — E°) = joexp [— ogj]i (Bwe — EO)} (2.6)

The superposition of equations (2.5) and (2.6) gives the total current density.

j(Bwg — E%) =" (Bwg — E°) +j (BEwg — E°) =

:jo{exp {_‘Z‘f (Bws —EO)] — exp [—% (Ewe —EO)H

(2.7)

Equation (2.7) is known as “Butler-Volmer Equation”. In equations (2.5) to (2.7) a denotes

the transfer coefficient and j, the exchange current density. jg is determined by the equality
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of j* and |j~| at Ewg = E°.

. . _ 1 —a)zFE

iT(E%) = —jo = —2Fcouky exp [—(R%} (2.8)
. . azF'E,
JH(EY) = jo = 2Fcreqky exp [ 7T O] (2.9)

ky and kg in equations (2.8) and (2.9) denote kinetic parameters of the respective reaction.

jo can be determined from experimental j(Ewg—E°) curves. For large cathodic/ an-
odic potentials with respect to E° the respective counter reaction can be neglected in
Equation (2.7) and logarithmising gives the relations (2.10) and (2.11), while Ewg < E°
and Ewg > EY, respectively.

. . 1—a)zF
g |l :lg]0+(27}T’EWE — E°| (2.10)
. . azF
lgj=1gjo+ 5o pr(Bwe — E°) (2.11)

In a semi-logarithmic plot of j(Ewg), jo can be determined from the intersection of the
extrapolated linear part of the graph with the ordinate at E°. The slope of this linear
part is determined by (1 — o)zF / 2.3RT and azF /2.3RT, respectively.

The amount n and the direction of metal transfer with respect to the working electrode
surface can be determined by integrating the measured current Iyg including its sign over

time, considering the valency z of the metal ions involved: n = [ Iwgdt /zF.
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2.2 The scanning tunneling microscope

The scanning tunneling microscope (STM) is based on the quantum mechanical phe-
nomenon of electron tunneling. In contradiction to the understanding in classical physics
electron tunneling allows an electron to cross an energy barrier of finite height, even if
the electron has an energy lower than the barrier height. Tunneling is possible as long as
the quantum mechanical particle wave function of an electron extends beyond the barrier
and the probability of presence takes a finite value there. The associated charge transfer
can be measured as a (tunneling) current “through” the barrier.

Scanning tunneling microscopes emerged in the late 1970s/ early 1980s |46-48,60-62,
99,146, 147] and allow for the “imaging” of surfaces at the nanoscale in real space.

In a STM setup a sharp tip is positioned next to a substrate surface and a bias voltage
Upias is applied between the sample and the tip. The distance in between tip and surface
is reduced until a (tunneling) current is measured, while the tip and the surface are not
in physical contact. Maintaining this “tunneling contact” and scanning the tip across the
sample surface allows to obtain an image of the surface by evaluation of the tunneling

current as function of the tip position.

In the following, the quantum mechanical foundation of electron tunneling is illustrated

and the working principle of STM is introduced.

2.2.1 Quantum mechanical description

Electrons, obey the wave-particle dualism and therefore can be described by a wave func-
tion W. This wave function is a solution to the Schrédinger equation, which is further on

used to describe the tunneling effect.

On the basis of the situation illustrated in Figure 2.5 electron tunneling through a
barrier and a derivation of the associated tunneling current are discussed. An electron
shall be at energy E, traveling freely along the x-axis of a cartesian coordinate system.
Perpendicular to this axis exists potential a barrier of constant (energetic) height W in
the range x, < x < xy,.

The Schrodinger equation (for this electron) reads:
———V(z)+ W(z)¥(z) = EV(x) (2.12)

Depending on the relation of E and W there are two possible scenarios for the electron—

barrier interaction.



12 CHAPTER 2. BASIC PRINCIPLES & THEORY

For an electron with E > W the conception of classical physics allows the electron to
overcome the barrier, since its energy is higher than the barrier height. Also the quantum
mechanical approach gives an electron freely propagating along x at constant momentum,
described by a time independent solution for Equation (2.12):

2m(E - W)

U(x) = U(0)er™*: k=i - (2.13)

For an electron with E < W in classical physics it is forbidden to enter the potential
barrier at x, < X < xp,, while from a quantum mechanical point of view the situation
is different. Here a time independent solution of Equation (2.12) exists for the range

X, < X < Xp.
2m(W — K
U(z) = U(0)e™™; k = m(h ) (2.14)

The existence of this solution gives a probability P to find the electron within dx.

P = [W(0)[? -2 dz, where / Pdz =1 (2.15)

— 00

Thus, the probability to find an electron at a position x within the barrier decreases

exponentially into the barrier.

P (z — x,) oc e 20(@72a), g — (2.16)

For an infinitely wide barrier the probability becomes 0.
lim(, —x,)»eoP(x —Xa) =0 (2.17)

Equation (2.16) and Equation (2.17) state, that there is a finite probability for an electron
to pass the potential barrier W, as long as the barrier has a finite width (see Figure 2.5).
The electron is either seen on the one or the other side of the classically insuperable
barrier. The passing process “through” the barrier is referred to as “tunneling”, the associ-

ated charge transfer per time interval correspondingly is referred to as “tunneling current”.

Based on these considerations, in the following the parameters acting on the tunneling
current are examined. For this purpose consider a modification of our Gedankenexperi-
ment above by replacing the free electron by an electron bound in a piece of matter. The

potential barrier W is replaced by the potential barrier ® with respect to the energy of



2.2. THE SCANNING TUNNELING MICROSCOPE 13

ibarrier

X
Xa Xb

Figure 2.5: In a quantum mechanical description, its wave nature (¥) allows an electron
at energy E to pass a barrier of height W and finite width, even at E < W. In classical
mechanics this process is forbidden. The probability to pass the barrier is o |\If|2 and,
thus, finite.

the electron.

An electron can only tunnel (elastically) from one side of a potential barrier to the
other, if there is an empty state to occupy. Therefore next to the sample we place a
STM tip of the same material and Fermi level at a distance d. The Fermi levels of tip
and sample are aligned, as long as no potential difference Uy, is applied between sample
and tip. When Uy,,s # 0, we assume the barrier @ not to be influenced by Uy, for
® > eUpjas-

At Upias # 0 all electrons on the STM tip sitting above the Fermi level of the sample
can potentially tunnel into empty states in the sample. Thus, the tunneling current is
the sum over all of these electrons in the energy interval (Erp — eUpias) to Ep in the STM
tip. Including the local density of states in the sample Dgmpie(E), only considering elastic
electron tunneling, and including the step function shape of the Fermi distribution, the

tunneling current is characterised by

Er
Luma < e+ Y | W(@)? (2.18)
Er—eUpias
r, 2md(E)
xe- Z E - Dyympie(E) - e 2B, o — VAMEE) (2.19)
Er—eUpias h
xXe:- Ubias : Dsample ' 6_2'“[ (220)

Here Dgampie is the respective local density of states (LDOS), E the energy of a specific
electron, Er the Fermi level, d the tip sample distance and Uy;,s the bias voltage applied
between sample and STM tip. In the last step Dgample(E) and ®(E) are assumed constant
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in the energy range (Ep — eUys) to Ep.

A more sophisticated treatment of the electron transfer process between sample and
STM tip is based on the overlap of the corresponding independent wavefunctions of sample
Usample and tip Wy, states [148]. This is represented in the transfer matrix element M, the
integration is carried out over a surface S lying completely within the tunneling barrier

between sample and tip.

M = i/(\p;v\yt —UiVU,)dsS (2.21)
2m
S

Evaluating M, according to Tersoff and Hamann [149] an expression for the tunneling

current is derived

2me

Itunnel = T ; f(Et) [(1 - f (Es + 6Ubia8)] |M|2 0 (Et - Es) (222)

Here f(E;) and f (Es + eUp;as) are the Fermi functions in the STM tip and sample, respec-
tively.

For small bias voltages Upi,s and room temperature conditions Equation (2.22) simplifies
and further, modeling the tip apex as a spherical potential well centered at ry and only

taking s-wave functions into account gives a expression for the tunneling current [149]:

3273

I tunnel —

€*Uyias @ Dyip(Ep) Rk 4> > " |, (x0)|* 6 (E, — Ep) (2.23)

Here R is the tip radius, k = /2m¢h~! is the minimum inverse decay length for wave

—2k(R+d

functions in the vacuum gap with tip workfunction ¢ and |¥y(r)|* o e ), where d

is the tip—sample separation measured from the tip apex center of radius R.

In Equation (2.23) the density of states of the sample Dgympie is not explicitly taken

into account. It also enters the tunneling current in the same manner as Dy, [150-152]:

EF+€UbicLs
[tunnel X / Dsample(-E - eUbias)Dtip(/rtipa E)dE (224)

Er

Here ry;;, is the position of the spherical tip apex center.

From the above equations the essential parameters determining the tunneling current

become obvious:
—d
Itmmel X Ubias * Dsample : Dtip - € (225)
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The tunneling current depends linearly on the bias voltage Uy;,s but exponentially on
the tip—sample distance d, making it very sensitive to changes in the tunneling gap width.
Both, the local densities of states of sample Dgapple and tip Dy, enter the expression for
Liunnel- This makes the tunneling current not only depend on the topography, but adds

sensitivity for the electronic structure of the sample surface and STM tip.

2.2.2 Operation principle

In STM experiments, the STM tip is moved (“scanned”) linewise over the sample surface
by a three axis piezo actuator (see Figure2.6). The three voltages (Uy, Uy, U,) deter-
mining the deflexion of the piezo actuator and the tunneling current are recorded for a

certain number of equidistant points in each line. From these measured values a map of

STM controller
(X’y1 Itunnel’ Uz)

Figure 2.6: ITllustration of the STM working principle. The STM tip in tunneling contact
is moved linewise over the surface (x-y plane), while recording the tunneling current and
the voltages Uy, Uy, U, determining the STM tip position. From this information an reals
space “image” of the surface can be generated.

the surface can be generated. There are two operation modes of a STM, each one offering

different advantages or drawbacks.
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Constant height mode

In constant height mode the tip is approached, until a certain tunneling current I is es-
tablished. Then the piezo axis perpendicular to the sample surface is kept at this deflexion
and the surface scanned “in parallel” to the surface by the STM tip (see Figure 2.7). In the
resulting plane of acquired data points, a certain current value is attributed to each point
(pixel in the STM image). From this current map, information on the electronic structure
of the surface can be obtained or a height profile of the scanned surface can be generated
by comparing the individual current values to I5. When operating a STM in constant
height mode, the investigated surface topology should not alter much in height and the
tilt of the surface plane with respect to the scanning plane should be minimised, since a
structure on the surface higher than the tip—sample distance at Iy or an intersection of

the scanning plane and the surface cause a crash irreversibly damaging the STM tip.

Constant current mode

In constant current mode, the tip is approached, until the desired tunneling current I is
reached. A feedback loop is engaged, maintaining the tunneling current at Iy by controlling
the piezo axis perpendicular to the sample surface and, thus, the tip—sample distance.
If a topological or electronic structure on the sample surface causes a deviation of the
tunneling current from Ip, this is compensated by adjusting the deflexion of the piezo (see
Figure 2.7). The piezo voltage, i.e. piezo deflexion, at each pixel is used to generate a
topography image of the surface. The constant current mode is suited for imaging surfaces
with large variations in height, as a properly working feedback loop avoids tip crashes into

the sample surface.

2.2.3 STM in electrochemical environment

Scanning tunneling microscopy in the electrochemical environment is utilised for the char-
acterisation of solid /liquid interfaces and for in-situ studies of nucleation and growth at
electrode surfaces [44,153-194|, gaining topographical data of those processes 154,155,
168,171,179,195,196].

The STM tip is introduced as an additional working electrode into the electrochem-
ical cell. The working electrode potentials of the sample and the STM tip can be set
independently from each other using a reference electrode and a counter electrode in the
electrochemical cell. The bias voltage of the tunneling contact is given by the difference
in the potentials of sample and STM tip.

The configuration of independent electrode potentials allows for individual and selec-

tive electrochemical manipulation of the two electrodes and electrochemical nanostruc-
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In(1(x)) Z(x)

U, = constant | = constant

/ I(x) z(x)

Figure 2.7: Tllustration of the different operation modes of the STM. In constant height
mode (left schematic), the initial deflexion of the STM tip is kept constant; a change in
the tip—sample distance causes a corresponding change in the tunneling current, which
is used for generating a current map of the sample surface. In constant current mode
(right schematic) a change in the tunneling current is compensated by a change in the tip
sample distance; from the corresponding change in height a surface map is generated

turing of the sample by the STM tip [23,25,30-32,37,197,198|. Care has to be taken
on selecting the potential range for the measurements, since for each electrolyte — working
electrode system different working electrode potential dependent electrochemical reactions
may occur, including processes capable of corrupting a working electrode.

At working electrode surfaces in an electrolytic environment (small) Faraday currents
occur. At a STM tip these currents may be of the same order of magnitude as the desired
tunneling current. Faraday currents are proportional to the surface area exposed to the
electrolyte and, thus, can be minimised by reducing this area in an appropriate way, e.g.
partially isolating the STM tip (see subsection 3.3.1).

Another aspect discriminating STM experiments in electrochemical environment and
UHYV is the finding of a reduced tunneling barrier height in electrochemical environment in
comparison to UHV [160,177,199-202]. A detailed investigation of the tunneling barrier
in an aqueous electrolyte revealed a modulation of the barrier height with the STM tip—
sample separation [201,202]. This finding was attributed to layers of water molecules
fitting into the gap with increasing STM tip—sample separation, thus, modifying the
tunneling barrier [201,202]. The dependence of the tunneling current on the STM tip—
sample separation, however, follows an exponential relation like in UHV experiments
[47,201,202], as predicted by theory [200].
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2.3 Semiconductors

Semiconductors, conductors and isolators are discriminated according to their electronic
properties, which are determined by the respective electronic band structure. This band
structure originates from the periodic lattice of atoms and the periodic potential these
atoms represent for electrons: The energetic levels accessible for electrons bound to an
isolated atom are discrete and associated with electron orbitals. Bringing initially isolated
atoms closer to another, the orbitals of the different atoms begin to overlap and the
energetic levels split into a band of new states. The more orbitals of different atoms
overlap, the more and the energetically closer spaced levels are generated, which, due to
the huge number of atoms in bulk solids, allows the approximation of continuous energy
bands. The bands may be separated by (band)gaps, i.e. ranges on the energy scale, where

due to a lack of states no electrons are present.

_EC
5 “Ec
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Figure 2.8: Schematic illustrating the different band structures of conductors (metal),
semiconductors and isolators. In metals the Fermi level Er sits within a band, while for
semiconductors and isolators Ep is found in the band gap. The band gap of isolators is
larger than that of semiconductors. E¢ and Ey denote the conduction band minimum
and valence band maximum, respectively.

In a solid state body having a band gap, the band containing electrons of highest energy
is referred to as valence band, the energetically next higher, empty band is referred to as
conduction band. In the electronic band structure only partially filled electronic bands

contribute to the electric conductivity, because empty states for electrons within the band
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are required for charge transfer.

The (energetic) level, up to which the electronic bands are filled, is the Fermi level Eg.
As illustrated in Figure 2.8, in the case of a conductor, e.g., a metal, Ep sits within a band
and, thus, next to Er empty states are available, while in the case of a semiconductor
or an insulator Ep sits in a (band) gap Eg,, between two bands, i.e. the valence band is

completely filled, while the conduction band is completely empty.

The width of the band gap is used to distinguish between isolators (Egap £ 3€V) and
semiconductors (Eg,p~1eV) [112]. For T#0K, due to the smearing of the Fermi dis-
tribution, in a semiconductor electrons are available, which have high enough energy to
access the conduction band, i.e. to cross the band gap. As a result, conduction and
valence band in the semiconductor become partially filled, which causes conductivity in
the semi-conductor and allows electronic transport. In insulators Eg,, is larger than in
semiconductors and, thus, no (much less) electrons can access the conduction band and

consequently the isolator has a very low conductivity.

f(E)

]

Er

Figure 2.9: Schematic illustrating the occupation probability of states above the Fermi
level Er according to Fermi statistics. At T = 0 all levels up to Ep are occupied, levels
above Er are empty. For T # 0 there is a finite probability for electrons to occupy levels
above Er, while states below Er become unoccupied.
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2.3.1 Doping of semiconductors

The conductivity of semiconductors can be increased by increasing the charge carrier
concentration from the intrinsic value (Si: n; &~ 1.5-10%cm™3 [123]) by adding charge
carriers via doping [203,204]. This is achieved by inserting a chemical element (“dopant”)
into the semiconductor lattice, that has a valency different from the semiconductor.

A dopant having a higher valency than the semiconductor makes additional electrons
available in the semiconductor. In this case the dopant is referred to as donator and the
semiconductor n-type. The level of the donator electrons typically sits slightly below the
conduction band edge.

A dopant having lower valency than the semiconductor captures electrons and makes
holes available in the semiconductor. In such a case, the dopant is referred to as acceptor
and the semiconductor p-type. The level of the acceptor hole typically sits slightly above
the valence band edge.

Doping of Si is typically achieved by adding P for n-type or B for p-type electronic

properties (see schematic Figure 2.10).
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Figure 2.10: Introducing atoms of a different element (“dopant”) into a semiconductor
lattice makes additional charge carriers (electrons or holes) available in the semiconductor,
due to the difference in valency of the semiconductor and dopant. The cases of P (electron
donator, electrons) and B (electron acceptor, holes) for Si are illustrated here.

In doped semiconductors at T = 0 the Fermi level sits at the level of the dopants in
the band gap, since those states hold the lowest energetic electrons. For T > 0 there is
a shift of the Fermi level to higher energies due to thermal ionisation of dopants in the
semiconductor.

At room temperature (kgT ~ 25meV) impurity exhaustion is present in a semicon-
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ductor containing low donors. The Fermi level and charge carrier density n are then given
by Equation (2.26) and Equation (2.27).

n ~ Np = constant (2.26)
N
Ep ~ Ec — kgTIn (—C) (2.27)
Np

Eq = Ec — Ep is the energy of ionisation of the donor with respect to the conduction
band edge. For Phosphorous in Silicon Eq = 44meV [123,203]. N¢ = 2.8-10" cm™ is
the effective density of states in the conduction band of Silicon [205].

2.3.2 Semiconductors in electrochemical environment

a) b) c)
EC
E, Y
e, 4 e
Ers | Er=Ers Ere |

/ B,

Ey
Seml- | olectrolyte ~ S€M~ | electrolyte  S€™M" | electrolyte
conductor conductor conductor

Figure 2.11: Band structure at a semiconductor surface in contact with an electrolyte.
Ec, Ev, Erp, and Er denote conduction band edge, valence band edge, flatband potential
and Fermi level, respectively. Plus and minus signs at the semiconductor / electrolyte
interface represent excess positive and negative charge at the surface. In a) the surface is
depleted of electrons (excess positive charge at the surface), the bands are bent upwards
towards the interface. In b) the surface is at flatband conditions (no excess charge at
the surface), there is no band bending. In ¢) electrons accumulate at the surface (excess
negative charge), the bands are bent downwards towards the interface.

The charge carrier concentration in typical semiconductors is much lower than in a
metal (102 cm™3) or in an electrolyte (102°cm™ for a 1M electrolyte) [199, 206-210].
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Consequently, a semiconductor in contact to an aqueous electrolyte has properties similar
to a semiconductor / metal contact, since the alignment of the electrochemical potentials
of the semiconductor and the electrolyte in equilibrium causes electron depletion at the
surface of a n-type semiconductor (“depletion zone” or “space charge region”) and a cor-
responding modification of the band structure. Electron depletion is represented by an
upward bending of the band edges of conductance and valence band in the electronic
band structure of the semiconductor at the semiconductor /electrolyte interface, as il-
lustrated in Figure2.11. The modification of the band structure is referred to as “band
bending”. The relation between band bending and electron concentration is given by
Equation (2.28) [108,123,124,130,145,145,210-212]

—eUpyp
Nsurface = Nbulk€ kBT (228)

Here ngyace is the density of electrons at the semiconductor surface, nyy is the density
of electrons in the bulk and Uy, is the potential difference between the bulk and at the
surface, due to band bending (see Figure2.11). The position of the band edges at the
semiconductor / electrolyte interface is fixed (“pinned”) independently of the amount of
band bending. This is due to the partitioning of the potential difference between bulk
semiconductor and electrolyte across the double layer and across the space charge region,
in which the potential drop across the Helmholtz layer is the smaller one and constant
independently of the potential difference [209,210,212-214].

Applying a potential to the semiconductor electrode with respect to the electrolyte
and, thus, shifting the Fermi level in the semiconductor, changes the band bending at the
semiconductor / electrolyte interface. At appropriate potentials the electron depletion at
the surface can be compensated or electron accumulation at the semiconductor surface can
be established (band edges are bent downward, see Figure2.11). The applied potential
that exactly compensates electron depletion is referred to as “flatband potential” Egg,

because the band edges at this potential are flat, i.e. the band bending vanishes.

The flat band potential can be utilised to relate the working electrode potential to the
semiconductor band structure: Since at the flatband potential the bands are flat through-
out the semiconductor, the relative position of conduction band edge E¢ and valence band
edge Ey to the Fermi level Er (which equals the working electrode potential Ewg) can
be determined from the doping concentration of the semiconductor and its band gap (see
Equation (2.27)).

The flatband potential can be determined from experiments by analysing the potential
dependence of the space charge region capacitance Cgc at the semiconductor surface in
deep electron depletion by a “Mott-Schottky-Plot” [106, 130,205, 210,215-225| , which is



2.3. SEMICONDUCTORS 23

based on the Mott-Schottky equation (Equation (2.29)).

(i>2: 2 (B - Evp — kyT) (2.29)
Csc eeoNpe WE B B '

In these plots (A /C?) is plotted against Ewg the slope of this plot gives information
on the bulk doping and relative permittivity [214,218,226-228|, the intersection of the
extrapolated data of the semiconductor in depletion with the abscissa is used to determine
the value of Epg [210,229-232]. At the point of intersection Csc becomes “infinite”, which
corresponds to width of the space charge region of “zero”, i.e. flat band conditions.

The values Cgc(Ewg) can be determined from impedance measurements [209, 218,
233,234] by a fitting procedure. In this procedure the impedance of an equivalent circuit
representing semiconductor / electrolyte interface and space charge region is fitted to the
experimentally determined data by varying the values of the components in this circuit.
Appropriate equivalent circuits representing solid /liquid interface and the space charge

region are shown in Figure 2.12.
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Figure 2.12: Equivalent circuits for the semiconductor / electrolyte interface employed for
interpreting impedance measurements. While (a) includes the Helmholtz double layer (Cy
and Ry), the circuit in (b) used for analysing Mott-Schottky plots only consists of the
space charge region (Cgc and Rgc) and Rg which accounts for all ohmic potential drops
in the measurements. The Helmholtz double layer may be omitted, since Cy > Cgc.

The circuit in Figure 2.12a consists of a parallel circuit of a resistor Rg¢ and a capaci-
tor Cgc, which represent the space charge region, and in series the Helmholtz double layer
capacitor Cy parallel to the corresponding resistor (Ry), while Rg accounts for all ohmic
potential drops in the measurement. The capacitance of the space charge region is much
smaller than that of the Helmholtz double layer, and, thus, dominates the impedance
spectroscopy measurements, since X¢ = (wC)fl. Therefore, the Helmholtz double layer
circuit contribution can be omitted [145,210,219,234-236| and the equivalent circuit in
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Figure 2.12b can be employed for the treatment of the space charge region.

The width of the space charge region can be calculated from the capacitance of the

space charge region by modeling it as a plate capacitor [112,208, 209, 223]:

2
d= A0 — \/ “C(Bwg — Epp — kgT) (2.30)
GND

2.3.3 Electrodeposition onto semiconductor electrodes

Due to the dependence of the surface charge on the semiconductor working electrode
potential, different behaviour of electrodeposition is observed, depending on the relative
position of the metal Nernst potential with respect to the band structure of the semicon-

ductor. Different situations are illustrated in the schematic in Figure 2.13.
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Figure 2.13: Illustration of metal electrodeposition and -dissolution onto and from semi-
conductor surfaces for two different metals with equilibrium potentials EQ < Epg negative
and E} > Epp positive of the flat band potential Epg. In the band diagrams the space
charge is indicate by plus (positive charge) and minus (negative charge) signs. In a) the
working electrode potential Ewg = Ep, the flatband potential Erg, and the conduction
band edge Ec are labeled. a) For Ewg < EQ < E§ < Epg both metals are electrode-
posited. b) For EOA < Ewr < E% < Epp metal A is dissolved, while metal B is electrode-
posited. ¢) At flatband conditions EQ < Ewg = Epg < E} metal A is dissolved, while
metal B is electrodeposited. d) For E < Erg < Ewr < E3 the potential barrier at the
semiconductor / liquid interface inhibits charge transfer.
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Equilibrium potential negative of flatband potential

A metal with a Nernst potential E° < Epg (E} in Figure2.13) can be electrodeposited
at potentials Ewg < E° (Figure2.13a) and subsequently dissolved in the potential range
Erg > Ewg > E° (Figure 2.13b-c).

Equilibrium potential positive of flatband potential

A metal with a Nernst potential EY > Epg (EY in Figure2.13) is not electrodeposited
at potentials Ewg > Epp, due to electron depletion at the semiconductor surface (Fig-
ure 2.13d), but at potentials negative of the flat band potential (Ewg < Epp < E°) as
shown schematically in Figure2.13a-c. In the potential range Ewg > Epg > E? a dis-
solution of electrodeposited metal at the surface is inhibited by the potential barrier
at the semiconductor /electrolyte interface. The asymmetry of electrodeposition and

-dissolution make the interface show rectifying behaviour.

2.3.4 Photoelectric effect

Charge carriers in semiconductors are not only generated by thermal excitation, but also
photons with a sufficient energy Ejnoton = hv > Egap, excite electrons from the valence
band into the conduction band (photoelectric effect [123, 208,223, 237]). While for the
electrochemical behaviour of semiconductor surfaces at accumulation conditions the ad-
ditional electrons play only a minor role, at depletion conditions the additional electrons
can not be neglected with respect to electrochemical reactions [208,238|. Consquently, to
avoid uncontrolled electrochemical reactions, it is recommended to carry out all electro-

chemical experiments in the dark.
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Chapter 3
Experimental details

In this chapter, at first, the experimental setup of the homebuilt scanning tunneling
microscope operated in an electrochemical cell and the associated electric equipment used
during the experiments in this thesis is presented.

The second part of this chapter introduces the experimental techniques employed for
characterisation of the working electrodes in electrochemical environment.

In the last part of this chapter, the preparation of the working electrodes, i.e. STM

tips and samples is described.

27
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3.1 Experimental setup

The scanning tunneling microscope system operating in electrochemical environment,
which was used for the experiments, is a homebuilt system combining commercially avail-
able components with parts developed in our group. A measurement chamber isolates the
electrochemical cell together with the STM scanner from the environmental influences of
the laboratory. The electronic equipment used for data acquisition and control of the

experimental parameters is conveniently placed outside the chamber.

Figure 3.1: The experimental setup is suspended from the ceiling by springs and placed
inside a chamber, which shields the setup against sounds, vibrations and light.
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3.1.1 Measurement chamber

The scanning tunneling microscope has to be shielded against sounds and vibrations from
the (laboratory) environment to allow for a stable tunneling contact [60,99,100,239]. The
components for electrochemical measurements have to be placed in the dark, to avoid
photoinduced electrochemical effects during the experiments [193,209-211,240-242|. Both
conditions are fulfilled, by enclosing the experimental setup in a chamber (see Figure 3.1).
This chamber consists of two boxes, a steel made one integrated into a wooden one. The
steel made box shields electromagnetic radiation, the space between the two boxes filled

with foamed plastic of 20 cm thickness for damping purposes. A door allows access to the

T
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experimental setup.

Figure 3.2: Experimental setup mounted on a concrete block. The electrochemical cell is
placed underneath a fixture holding the assembly of sample holder and STM scanner. The
cell provides a hermetically sealed electrochemical environment. The gas bottle allows for
purging the electrolyte in the electrochemical cell with Ar gas.

The experimental setup is installed on a concrete block hovering within the metal box
and, thus, isolated from vibrations from the floor (see Figure3.1 and Figure3.2). The
concrete block is held by four spiral springs, which reach through the top of the chamber
and are fixed on the ceiling of the laboratory. A support frame made from aluminum is
fixed on the concrete block. It accepts the assembly of sample holder and STM scanner,
while the electrochemical cell is put below the support frame onto a magnetic stirrer sitting

on a lab boy. The latter arrangement allows a precise movement of the cell upwards
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until the STM fixture with mounted sample holder is sitting tightly in the glass joint
of the electrochemical cell, hermetically sealing the STM scanner / sample / electrolyte
system against the environment. The setup allows for stirring of the solutions within the
electrochemical cell, e.g. during removal of oxygen dissolved in the electrolyte from the
electrochemical cell by purging with Argon 5.0. For this purpose a gas system, made
of lightweight components, sits on the concrete block inside the box, thus, not short

circuiting the vibrational isolation of the measuring setup.

Electrochemical cell

The electrochemical cell sketched in Figure 3.3 and Figure3.4 evolved from the model

developed in [243-245]. It is made of quartz glass, and consists of a main vessel and

Figure 3.3: Sketch of the electrochemical cell utilised in the experiments. See text for
details.

a support vessel interconnected by a small and big glass tube allowing the mixing of
the electrolyte between the two vessels. The glass joint (1) of the main vessel receipts
the fixture carrying sample holder and STM scanner, the glass joint (2) of the support
vessel receipts the assembly for purging the electrolyte with Argon gas. One of the two
glass joints (3) is used for connecting the platinum wire counter electrode and one of
the glass joints (4) for connecting the Luggin capillary containing the reference electrode

(Schott model B 3510, Calomel). The Luggin capillary is placed close to the sample
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surface to minimise deviations of the electrode potential from its setpoint, due to the
finite conductivity of the electrolyte. In contrast the counter electrode is placed at a
long distance from the sample to generate a highest possible homogeneity in the current
density, that the sample “sees”. The counter electrode is separated from the main vessel by
a frit, to avoid its eventual electroplating. The remaining joints of pairs (3) and (4) can be

used for monitoring the tip of the STM by a camera (4) or are reserved (3), respectively.

-

(8

C | | DI

Figure 3.4: Sketch of the experimental setup used in combined STM and electrochemical
experiments. See text for details.
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Sample holder

The sample holder (5) is made of Teflon®, due to the inertness and low conductivity
of this material and its resistance against contamination. It consists of two parts that
are screwed together (see cross section in Figure4.1), where into one part the sample is
inserted while the other part houses a stamp connecting the sample to the bi-potentiostat
on assembly. An aperture in the sample holder determines a defined area of the sample
surface, which is exposed to the electrolyte. The sample surface outside this aperture
is tightened to the electrolyte by a sealing lip on the screwed-in PCTFE receptacle in
the case of a silicon sample and a Viton® O-ring of a different receptacle in case of a
Au sample. The samples are pressed against the respective sealing by the spring of the
contacting stamp.

The assembled sample holder is mounted at three points to a fixture by two bayonet
couplings and one magnetic coupling. All three couplings are connected to the fixture
(6) by fine pitch threads, that allow for coarse adjusting the distance between the sample
(holder) and the tip of the STM. For an automated approach or retraction of the STM

Figure 3.5: Two STM images (3 x 3 um) of a n—Si (111):H surface illustrating the accu-
racy of the stepper motor based coarse height adjust of the STM tip. After the left image
had been recorded, the STM tip was retracted and reapproached. Subsequently the right
image was recorded. The white line markers in both images indicate the same structures
on the n—Si(111):H surface. The displacement due to the reapproach is about 1.5 pm.

tip, a stepper motor (7) is available, which computer controlled drives the magnetic cou-
pling. Retracting the STM tip and subsequently approaching it is achieved with a lateral
accuracy of less than 2 um (see Figure 3.5). The fixture with mounted sample holder as a

whole is put into the support frame (see Figure 3.2).
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STM scanner

The housing of the STM scanner (8) is made of stainless steel, tightened by Viton®
O-rings against the atmosphere in the electrochemical cell and contains the piezo ceramic
for positioning the STM tip and the electronic part of the scanner. The piezo ceramic is
a eight field tube element, sitting concentrically in the housing with one end of the tube
being glued to the housing. Inside this tube sits the circuit board of the preamplifier,
which gives a voltage signal proportional the tunneling current. In the experiments the
STM scanner is is mounted to the fixture of the setup (6) and pressed against it by springs

(9) to eliminate any clearance in between the two components.

3.1.2 Electronic equipment

A flowchart of parameters incorporated in the experiments is presented in the schematic

in Figure 3.6. Details on the role of the related devices are given below.

Frequency
Response Computer
Analyser

potential  potentiall A4

. setpoint
scan modulation dgta:

Scan
Generator

working electrode setpoint
currents & potentials data

working electrode
vV Vv [ currents & potentials \ 4

Bipotentiostat tunneling [ STM controller

current d
working electrode
working currents
electrode . tip-sample
potentials EleCtrOCC;}fm'Ca distance
; <—

Figure 3.6: Flowchart of experimental parameters. The arrows indicate the direction of
information flow, the text next to the arrows the information contents.

Electrochemical setup

The four electrode arrangement [163| used in the experiments is sketched in Figure 3.7.
The working electrode potentials Ewg of both, sample (WE2) and STM tip (WE1) in the
electrolyte were were set and controlled individually by a EC-Tec bi-potentiostat Model
BP-700 with respect to the reference electrode (RE) involving the counter electrode (CE).

The BP-700 device makes electrode potentials and currents electronically available to

a LabView program on a PC, which was used for recording cyclic voltammograms. The
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Bi-potentiostat
RE WE1 WE2 CE
Q® Q® Q Q®

-

|
STM tip

|

sample electrolyte

Figure 3.7: Schematic of the four electrode arrangement incorporated in the experiments.

tunneling current signal from the STM scanner is fed directly from the bi-potentiostat
into the Nanoscope IITA STM hardware as a £10V signal.

The BP-700 allows the modification of the working electrode potentials by external
devices as, e.g., an EC-Tec Bi-Scangenerator model SG-600, which was used for ramp-
ing the electrode potentials in cyclic voltammetry measurements and for adjusting them
during nanostructuring routines.

For impedance measurements an impedance analyzer Model 1260 from Solartron was
available. This device creates a periodic (sinusoidal) output voltage which is fed into
the bi-potentiostat to modulate a working electrode potential. The electrode potential
and current of the corresponding working electrode as measured by the bi-potentiostat
are fed back into the analyzer. The analyzer generates the real and imaginary part of
the complex impedance of the working electrode interface as function of frequency of the
applied sinusoidal signal. For programming the analyzer the software ZPlot Version 3.3b
was used, data analysis was done by ZView Version 3.3b, both from Scribner Associates

Inc.

Scanning tunneling microscope

A Digital Instruments Nanoscope IIIA STM hardware in combination with the Nanoscope
software 5.30r3sr3 installed on a PC running Microsoft Windows XP is incorporated for
controlling the STM tip position relative to the sample and for obtaining STM images.
Using the C/C++-like scripting language of the Nanoscope software the piezo of the STM
Scanner could be addressed directly, allowing spatially manipulation of the tip relative to

the sample, which was used in the experiments in Section 4.5.
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3.2 Experimental techniques in electrochemistry

This section briefly introduces techniques employed for characterisation of sample surfaces
in contact with aqueous electrolytes. Cyclic voltammetry is employed for studying elec-
trodeposition and -dissolution processes at the surface of working electrodes. Impedance
measurements are a suitable for investigating the electronic properties of the solid / liquid

interface.

3.2.1 Cyclic voltammetry

In cyclic voltammetry the working electrode potential is ramped cyclic at a constant rate
dEwg / dt in between two potential values and at the same time the corresponding cur-
rent is recorded. The potential values Ewg are plotted on the abscissa, the corresponding
current density values j(Ewg) on the ordinate. From the j(Ewg) curve(s) electrochemi-
cal deposition or dissolution processes onto and from the working electrode surface can
be identified. Some examples are illustrated in the schematic cyclic voltammogram in

Figure 3.8 and the following text passages.

dE/dt=const.

Figure 3.8: Schematic representation of a cyclic voltammogram. From the ruled area the
capacitance of the Helmholtz layer may be determined. The increase in current density
(a, b, ¢) is associated with different electrochemical processes at the sample surface.

A pair of cathodic and anodic current density (peaks a and b in Figure 3.8) centered

at a working electrode potential indicate a redox system. In such a case a the areas under
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the curves give the same amount of charge for reversible redox processes and the potential
with no net current density determines the equilibrium potential of the redox system.

A cathodic or anodic current density without a corresponding current density of op-
posite sign indicates an irreversible process (peak a without b, peak ¢ in Figure3.8) —
on the accessible potential and energy scales of the electrochemical experiment. Possi-
ble mechanisms involved at the working electrode surface are e.g. oxidation reactions,
evolution of gas escaping from the electrolyte or energetic “asymmetries” like rectifying
Schottky-contacts.

The capacitance of the Helmholtz layer can be obtained from a potential range in a
cyclic voltammogram, where no electrochemical transfer processes occur (Figure 3.8, ruled
area): When the working electrode potential is changed, the capacitance of the Helmholtz
layer requires a charging current due to Q = C-U. At a constant ramping rate E = dE/dt
the charge is given by Q =1-t =j-A-t and, thus, C =I/E = (j- A)/E. Typical values
for the Helmholtz double layer capacitance for metal electrodes in aqueous electrolytes
are in the order of 10 uFem™2 [233,246-257). For n—Si(111):H the Helmholtz capaci-
tance in aqueous electrolytes has been determined to lie in the range (0.5 — 4) uFem ™2,
which is in the same order of magnitude as it was determined for other semiconduc-
tors. [212,233,234,258-264]

3.2.2 Impedance measurements

In an electrochemical system a change in working electrode potential is accompanied by
an electrical current. Response (current) and stimulus (potential change) characterise the
interface and are related to the interface impedance Z of the working electrode. When the
working electrode potential is modulated by a small sinusoidal alternating voltage of am-
plitude U,,,¢2, the current response amplitude is I, and the relative phase between U,
and I is @ = @1 — @u, the surface impedance magnitude is given by Equation (3.1). A
variation of the stimulus frequency reveals time constants in the response of the working

electrode interface, which are represented by a change of .

Urms
2= 7 = VR A (3.1)

Here R and X are the real and imaginary part of the (complex) impedance Z which are

linked to each other by the relative phase ¢ (Equation (3.2)).

tan(y) = % (3.2)

Qrms: - root mean square
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In the complex notation the impedance Z is given by Equation (3.3)
Z=R+1X (3.3)

where 1 = /—1.

For a more detailed understanding of the interface, the interior of the “black box”
impedance has to be revealed. This is achieved by modeling the impedance by an appro-
priate equivalent circuit based on common passive circuit elements. Since the electrical
behaviour of those passive elements is well known, the (frequency dependent) behaviour of
the equivalent circuit is accessible. By comparing the experimentally obtained impedance
data to calculations based on the equivalent circuit, the values of the components in the
equivalent circuit can be obtained.

This is illustrated in Figure 3.9 for the electrical circuit depicted in the upper part of the
same figure. The values for the plot of X over R once have been obtained experimentally
(full dots) and once have been obtained by calculations (open dots connected by lines).

Next to some data points the frequency is noted at which they have been recorded.

12500 ——m——————————— 71—
I e experiment]
— o — fit ]
10000 + 10000 Q ]
I 2000 Q
7500 - 100 nF ]
G ]
X L f=200H f=100 Hz ]
" 5000 [ ORZ eeel/ ]
p/o \0\0 J
- pp \cb
* /bc _
2500 " f=60Hz % 1
I f = 1000 Hz ]
ob . Hhf=20000Hz f=0.1Hz |

0 2500 5000 7500 10000 12500
R/Q

Figure 3.9: Plot of imaginary (X') over real (R) part of the complex impedance Z for the
circuit depicted in the upper part of the figure. The frequency range under investigation
was 0.1 to 20000 Hz, for some datapoints the corresponding frequencies are indicated in
the plot.
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From the plot several characteristics of the circuit can be easily identified:
At R =20008, X =0, f=20000 Hz the 2000 € resistor dominates the circuit, since at high
frequencies the capacitor short-circuits the 10000 €2 resistor.
At R=120001), X =0, f=0.1Hz the 20002 and the 10000 €2 resistor in series dominate
the circuit, since at low frequencies the capacitor can be neglected.
At R =7000 82, X = 5000 €2, the capacitor has the same impedance as the 10000 {2 resistor,
thus, their equivalent is a resistor of 5000 €2, while the 2000 € resistor in series is unaffected.
The calculations are based on equations for the impedance of a resistor (Equation (3.4))

and a capacitor (Equation (3.5)), where w = 2xf.
Zr=R (3.4)

i1
wC  iwC
The impedance of the parallel circuit of the 10000 €2 resistor and the capacitor is given by

1 . -t 1 inlokC) !
Zric = +wC = + =
e (ka ) (ka Ruo

Rio B
1 +iwRinC
Ry (I —iwRi01C)
O 1+wRCT

N Riok | (mwRi0C)
— e — _|_ 7 | ——
1 + w?R3,,C? 1 + w?R%,,C?

Thus, the total impedance of the circuit in Figure 3.9 is given by combining Equa-
tion (3.6) and the 2000 2 resistor.

Zo = (3.5)

(3.6)

Z=2r+ Zric =
1 -1
= Rzk + ( + ZUJC) =
Ryok 3.7)
. Riok ny _WR?%/CC G
B wQR%/CCQ Y11+ MQR%/CC'Q
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3.3 Sample preparation

To ensure highest quality sample surfaces, samples are prepared only shortly before an
experiment. In STM experiments in aqueous electrolytes at room temperature, other
than in experiments in UHV environment and eventually at low temperatures, frequently
changing the STM tips is unavoidable. For this reason, and because the same quality re-
quirements as for the samples apply also to the STM tips, a batch of freshly prepared STM
tips has to be available for each experiment. Electrochemical experiments are sensitive to
contaminations and, thus, require highest possible purity of the electrochemical compo-
nents in the setup. These aspects have to be borne in mind during sample preparation,

to establish a reproducible and reliable basis for the experiments.

3.3.1 Preparation of STM tips
Etching of STM tips

The STM tips employed in the experiments were made from a gold wire having a diameter
of 250 um by an electrochemical etching technique. An overview of the etching setup is

given in Figure3.10. The setup is enclosed by a box made out of acryl glass standing
tip

!

wire ring

etch R=200

M 1T
O, ®

A Vv

DC source XY recorder tip ring wire

i

«Q

Figure 3.10: Left: Two electrode setup for etching STM tips from Au wire. Etching occurs
at the contact surface of gold wire and HCI lamella. The electrodes (tip and ring) are
connected to the DC Voltage supply by crocodile clamps. Right: Schematic of switching
box employed for applying electrode potentials.

on top of a stack of foam rubber mats to isolate the etching procedure against vent and
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mechanical vibrations. The potentials of the electrodes were controlled via a switching
box (wiring diagram see Figure 3.10) connected to a Hewlett Packard E3615A DC Power
supply. The tips are etched in a two electrode arrangement, with the gold wire being
the anode. The cathode is a platinum wire of diameter 250 um formed to a circle of
diameter 10 mm. The gold wire is centered within this circle, to achieve symmetrical
etching conditions.

The electrochemical etching occurs at the contact area of the Au wire and a lamella
of hydrochloric acid of 32%,wt (“HCI”) [202,265-267| that is created within the platinum
ring by dipping the ring into a small Teflon® beaker filled with HCI.

Only the part of the gold wire below the Pt ring is used as a STM tip, because when it
is disconnected from the anode by dropping off, etching stops immediately and blunting
of the tip apex by further etching is avoided. A specially designed Teflon® cup catches
the dropping tip without contacting and, thus, damaging its apex. This cup is filled with
tridistilled water, diluting the remaining acid on the tip after the drop off.

1.60V 1.70V

Figure 3.11: SEM images of four STM tips etched at 1.60V (left column) and 1.70 V
(right column), respectively.

After the tip had been etched, residues related to Au etching at the platinum ring
were removed by immersing the ring in a Teflon® beaker filled with HCI and setting it as
anode against the platinum wire cathode of diameter 250 um at a DC voltage of 1.15V

for two minutes. The whole procedure was repeated for each STM tip.
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Gold tips have been etched at a DC voltage of Ug, = 1.65V, since STM tips created
at 1.60V < Ugen < 1.70V showed the best results regarding mechanical stability and
imaging quality in STM experiments. In Figure 3.11 scanning electron microscope (SEM)
images of STM tips etched in this potential range are shown. For lower voltages the
surface of the tips showed many crystal facets which lead to multiple imaging of a surface,
higher voltages gave long and tall tips that were mechanically not stable enough for STM

imaging. These observations confirm the results obtained in [268].

Partial isolation of STM tips

To allow for operation of a STM in electrolytic environment, it is necessary to keep
Faradic currents at STM tips immersed in an electrolyte smaller than the tunneling current
through the STM tip, which is typically of the order of (107 —107) A [177,193, 196,
245,269-276|.

Therefore, the STM tips were partially isolated with Apiezon W wax® [168,177,196, 269,
272,274|, as schematically shown in Figure 3.12, to reduce their surface area exposed to

the electrolyte.
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Figure 3.12: Left: Setup for partial isolation of the STM tips. The STM tip is moved by
a manipulator within the wax molten by the soldering iron. Right: Procedure applied for
partial isolation of the STM tips.

At a temperature of 230°C the grove installed in the soldering tip is filled with wax.
The blunt end of the gold tip is put into the stainless steel tube fixed to the multiple
direction micrometer screw manipulator, that is used to move the tip inside the groove of
the soldering tip. To coat the STM tip with wax, it is moved downwards, until only the
apex of the tip remains uncovered by the wax and subsequently the direction is turned,
resulting in a even wax coverage of the tip. The whole procedure is monitored by eye

through a microscope. After the tip is removed from the apparatus, the soldering tip is

3M&I Materials Ltd., Hibernia Way, Trafford Park, Manchester M32 0ZD, United Kingdom
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cleaned from the remaining wax by a scalpel. The wax covered STM tips were stored in
a Teflon® holder, covered by tridistilled water, until they were used in STM experiments.
This isolation technique allows to reduce the faradic current though the STM tip to

less than 10 pA in the experiments carried out during this thesis.
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| /pA
o

tip

-1000 —
0 500
EWEth

Figure 3.13: Cyclic voltammogram in the double layer potential range of a STM tip
in 0.1 M HySO,. Sweep rates were dE /dt=10Vs™!, dE /dt=5Vs™', dE/dt=2Vs™!
dE /dt=1Vs™'. The grey lines indicate multiples of the current I* measured at
dE /dt =1Vs™. From the current measured at a particular sweep rate the surface area
exposed to the electrolyte can be determined.

In Figure 3.13 cyclic voltammetry measurements on a partially isolated STM tip are
shown. The current is proportional to the potential sweep rate, as indicated in Figure 3.13
(multiples of I*). Cyclic voltammetry measurements of the STM tip allow the surface area
exposed to the electrolyte to be calculated according to C = (j-A)/E = I/E (see section
3.2.1). From Figure 3.13 and a double layer capacitance C4* = 25 uCcm~2 [245] a surface

area of Ay, =2.2-107%cm? is determined, which is within the range of values reported
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in previous measurements in the literature [177,245]: 107" cm™2 < Ay, < 2.2-107 7 cm™2.

STM tip performance on Au(111) surfaces

Au(111) surfaces were employed for testing the STM tips prepared in Section 3.3.1. No
single crystals, but commercially available samples with (111) surface orientation fabri-
cated by arrandee * were used. These samples consisted of a glass plate of 11 x 11 mm?
with a intermediate layer of chromium and a top layer of gold on them. Their (111)

surface after preparation can be compared in quality with massive single crystals [277].

nm
0.8

0.4
0

Figure 3.14: Typical STM image of a Au(111) surface after the annealing treatment (see
text). In the linescan taken at the position of the solid line the equidistant spacing (height
0.24nm) of terraces is clearly observed. Image size is 408 x 408 nm?.

Before mounting the samples to the STM, they were flame annealed in a hydrogen
flame to induce surface reconstruction [172,254,277-282|. Heating of the sample was
regulated by adjusting the sample-flame distance by hand. The glowing colour was kept
at a bright orange for two minutes with intermediate withdrawal of the sample from the

flame to avoid a bending of the glass substrate by the heat from the flame. After annealing

4arrandee; Dr. Dirk Schréer; Schlofistrafe 94; D-33824 Werther; Germany



44 CHAPTER 3. EXPERIMENTAL DETAILS

the samples were stored below a glass cone under nitrogen atmosphere until they cooled
down to room temperature.

By this treatment samples with broad terraces and a step height of 2.4 nm, typical for
Au(111) surfaces [277,278,283,284|, were obtained (Figure3.14). On those samples the
reconstruction of the Au(111) surface [36,172,202,245,254,277,278,280,285-290| could be
identified by STM imaging in experiments at ambient conditions and in electrolytic envi-

ronment, illustrating the resolution achievable with some of the STM tips (Figure 3.15).

Figure 3.15: STM images of the reconstruction of the Au(111) surface after flame an-
nealing the sample (see text) illustrating the imaging quality of the STM tips. Size of
left image is 115 x 115nm?, middle and right image are 100 x 100nm?. Recorded at
ambient conditions.

3.3.2 Preparation of n—Si (111):H surfaces

The Si samples in the experiments during this thesis were made from commercially avail-
able (Wacker Siltronics) n—Si(111) wafers fabricated in a floating zone process. The
wafers are P-doped (10 cm™3) with a conductivity of (1-10) Qcm, and polished on one
side to less than 0.1° misorientation.

From the “as delivered” wafers samples of size 11 x 11 mm? were cut by a glass cutter.
The cuts were performed on the polished side of the wafer and aligned along the <110>
orientation of the wafer [291] and perpendicular to this direction.

To obtain atomically flat, H-terminated n-Si(111) surfaces (n—Si(111):H),
a wetchemical preparation procedure was employed, consisting of a precleaning step and
the actual transformation of the Si sample surface into a n—=Si(111):H surface. During
this preparation procedure, the samples were only in contact with tools made of Teflon®

and the chemicals.

The 11 x 11 mm? Si samples were mounted to a sample holder made of Teflon® with
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Figure 3.16: STM images of Si surfaces obtained after cleaning by acteon (5min),
ethanol (5min) and triply distilled water (30s), etching in NH,F (6min). The size
is 3000 x 3000nm? for image (a) and 500 x 500nm? for (b) and (c¢). Imaging con-
ditions were: (a) EWE =-20 mV, Etip = +680mV Itunnel =50 pA; (b) EWE =-280 mV,
Eiip =+520mV ILiynna =30pA; (¢) Ewg=-20mV, E;, =4+680mV ILiynna =30pA. All
images were recorded within electrochemical environment i.e. 0.1 M HySOy4. The lines in
(b) and (c) indicate the position of the profiles depicted under the respective STM image.
The step height of 3.1 A for n—Si (111):H surfaces is outlined by bars in the profiles.

the polished (111) side directed downwards for handling during the wetchemical prepara-

tion procedure.

Precleaning of the sample started with putting the sample holder into a Teflon® beaker
filled with acetone and putting the beaker into an ultrasonic bath for 5 minutes. In a next
step, the acetone in the beaker was replaced by ethanol and ultrasonic cleaning continued
for 5 minutes. Finally, the ethanol in the beaker was replaced by tridistilled water for a
last ultrasonic cleaning step of 30seconds. No RCA cleaning process [292-294| was ap-
plied, since it was not found to improve the sample surface quality any further. For the
time, until the etching setup was prepared (approximately 2 minutes), the sample holder

containing the sample was stored in another Teflon® beaker filled with tridistilled water.

The transformation of the precleaned Si samples into n—Si(111):H is achieved by
etching the samples in a 40%,wt. solution of NHyF. This etching step removes the thermal
oxide from the sample surface [181,186,295-301| and saturates dangling Si bonds with
hydrogen [36,92,93,125,181,186,193,295,296,301-324]. Since NH,F has a higher Si etch
rate in the (111) plane than perpendicular to the (111) direction it preferentially attacks
the step edges of Si(111) terraces |92, 181,186, 193, 296, 304, 306, 308-310, 312-314, 316,
325,326]. Due to this “step-flow etching” process, atomically flat (111) terraces emerge at
the sample surface [36,92,95,181,186, 193,296, 301, 303-308, 311-315, 317, 321, 327, 328] .
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These terraces have a height of 0.31 nm and represent Si bilayer steps [166,167,182, 186,
193,303,304,308,310,311,315,317,322,329-334], their width is determined by the miscut
angle from the (111) plane.

For the etching step, the sample holder containing the sample was put in a Teflon®
beaker filled with 30 ml of NH,F for 6 min. The beaker was covered by a intransparent
plastic cap during etching. After the etching step, the samples were removed from the
sample holder by Teflon® tweezers. The surface of the n—Si(111):H samples is hydropho-
bic [125,193,295-297, 309, 320, 325, 335-337| and the surface becomes dry upon removal
from the NH4F. Drops, eventually remaining at the breaking edge of the samples were
dipped off by a laboratory wipe, taking great care not to touch the surface. In a next step
the n—Si(111):H samples were inserted into the sample holder of the experimental setup.

The samples obtained by the wetchemical etching show wide atomically flat terraces
with step heights of 3.1 A (Figure 3.16) which exhibit triangular shaped holes. The for-
mation of such holes during etching has been attributed to oxygen in the etching solu-
tion [93,304,307,312,315,317,330, 332, 333,338-340|. In our experiments, their emerging
could not be suppressed by purging NH4F with nitrogen or argon gas, which has been
reported a suitable method in literature (93,304, 312,315,317, 330, 332,333, 338-340]. An

Figure 3.17: STM image of Si surfaces obtained after cleaning by acteon, ethanol and
triply distilled water, etching in NH4F and a subsequent 10s dip in triply distilled water.
The left and right image are 1000 x 1000 nm? in size, the middle image 5000 x 5000 nm?,
respectively. All images were recorded at ambient conditions, i.e. sample exposed to air.
Ewg =—-40mV, Egp, = +760mV, Tiynne = 100 pA.

additional etching step in HF before the NH4F treatment to remove oxide from the sur-
face [296,305,325,341] was not found to improve the sample quality any further regarding
terrace width and creation of etching triangles [93,304, 330| and, thus, omitted.

Extensively rinsing the Si sample under preparation in tridistilled water after the
NH,4F etch resulted in a fraying of the (111) terraces on the sample surface (Figure3.17).

Only for rinsing intervals below about half a second (dip inside water) such fraying
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was not observed. Investigation of the underlying mechanism was not goal of this thesis
and to avoid unnecessary degradation of the n—Si (111):H surface the water rinsing step
was omitted.

Since the frayed n—Si(111):H surfaces were still hydrophobic and imaging by STM
possible a oxidation of the sample surface is highly unlikely. A possible explanation of the
observations may be an etching attack of water on the n—Si(111):H surface, as reported
in the literature [342].

Great care has to be taken not to scratch the surface during handling of the Si samples,
even “soft” Teflon® tools are capable of scratching the surface (see Figure3.18). Those

scratches can promote charge transfer processes [343| and cause unwanted or uncontrolled

deposition of metal or other material from solution onto the surface |344-346].

Figure 3.18: Two STM images showing scratches on the n—Si (111):H surface, which were
accidentally generated by Teflon® tweezers during sample handling. Ewg = -280mV.
Eiip = +520mV. ILiynne =30 pA. Electrolyte: 0.1 M HySO,4. Image size is 1 x 1 pum? and
3 x 3um? for the left and right STM image, respectively.
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Chapter 4
Experiments & results

This chapter gives a description of the experiments carried out during this thesis and
presents the respective results.

The first section of this chapter treats the handling and proper installation of the
experimental setup, which is common to all of the experiments presented here.

The second section of this chapter is concerned with the characterisation of the
n—Si(111):H samples in the aqueous electrolyte 0.1 M HySO,, which were employed in
the experiments presented in the subsequent sections of this chapter. Electrically active
“surface states” are found in the n—Si(111):H samples and related to hydrogen incorpo-
rated in the n—Si(111):H subsurface region.

The third section of this chapter presents a simulation study on the effect of the STM
tip apex radius on the resolution obtained in STM images, focused in particular on the
representation of nanometer sized structures in STM images. The results are employed
in the analysis of STM images obtained within this thesis.

In the fourth section of this chapter the effect of the hydrogen related surface states
on electrochemical charge transfer processes at electron depleted n—Si(111):H surfaces is
investigated. Exemplarily, the system Cu/Cu?t is employed, due to its Nernst potential
positive of the flatband potential Epg.

In the fifth section of this chapter the influence of electric fields on electrochemical
charge transfer processes at n—Si(111):H surfaces under electron accumulation conditions

is investigated using the system Co / Co?*.
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4.1 Preparation of experiments & preliminary con-

siderations

To achieve significant and reproducible results from electrochemical experiments, highest
purity of the incorporated substances and high precision instruments are required. Under
appropriate experimental conditions, the cleanliness of an electrochemical environment is
comparable to ultra high vacuum [244]. Accordingly, there is also a demand for highest
cleanliness of the laboratory glassware and handling tools, since their contamination can
easily annihilate all electrochemical preparation efforts.

To achieve the best possible cleanliness, the glass equipment and related accessories
were stored in glass containers filled with Caro’s acid [347,348| (1 to 1 mixture of HyOq
and HySO,) before and after the experiments. This acid decomposes and dissolves con-
taminants, in particular organic material. The equipment was washed most accurately by
flowing triply distilled water before assembly and the beginning of the experiment. After
finishing the experiments, the glass equipment was likewise washed, to avoid contamina-
tion of Caro’s acid by residue from the experiments in the glass equipment, especially by
metal ions. All handling of the glass equipment was carried out wearing Nitril gloves to

further reduce sources for contaminants.

In all experiments the working electrodes were n—Si(111):H samples and gold STM
tips prepared according to the procedures developed in section3.3. The n—Si(111):H
samples were contacted on the back side, which was not exposed to the electrolyte, by
the copper stamp of the sample holder (Figure4.1). An ohmic contact between copper
stamp and n—Si(111):H was achieved by applying an Galn eutectic to the stamp before
assembly [208, 311,322,333, 334, 349-357|.

The electrolyte always was 0.1 M HySO,4 made from ultrapure acid and triply distilled
water. In all experiments the 0.1 M HySOy electrolyte inside the hermetically sealed elec-
trochemical cell was purged with Argon 5.0 for at least 30 minutes before the n —Si (111):H
sample and the STM tip attached to the STM piezo scanner were inserted into the elec-
trolyte. By this purging procedure oxygen dissolved in the electrolyte could be removed
to a sufficient extend for our experiments [225, 352, 353, 358, 359]. Without this Argon
treatment, oxygen dissolved in the electrolyte would cause unwanted electrochemical re-
actions. During STM experiments, the Argon supply was shut down, since the vibrations
from Argon bubbles and the magnetic stirrer make the formation of a stable tunneling
contact impossible.

The samples were brought in contact with the electrolyte under potential control, i.e.
connected to the bi-potentiostat and with the reference electrode and counter electrode

already in contact to the electrolyte in the electrochemical cell, as illustrated by the
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H Luggin capillary
with reference electrode
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electrolyte

Figure 4.1: Insertion of the sample into the electrolyte under potential control. The
schematic shows a cross section of the sample holder immersed in the electrolyte and a
n—Si(111):H electrode contained in the sample holder. The Luggin capillary is placed
as close to the n—Si(111):H sample surface as possible to minimise the potential drop
within the electrolyte.

schematics Figure4.1 and Figure4.2.

Metal ions for electrochemical charge transfer reactions were introduced into the HySOy4
electrolyte by adding the sulfate salt (MSO,, M: metal) of the desired metal. The required
amount of salt was balanced and supplied into the electrolyte at a working electrode po-

tential far positive of the Nernst potential E° of the corresponding metal redox couple
M/ M2+,

All experiments were performed in the dark, i.e. in the closed measurement chamber,
to avoid any photoinduced processes at the sample [360].

Impedance measurements were carried out using a sinusoidal potential modulation of
10mV,,,s amplitude in the frequency range 0.1 to 3000 Hz.

The STM was operated in constant current mode in all of the experiments at a scan-

ning speed of (0.5-1) Hz, i.e. (0.5-1) line scans per second.

The experiments in the present thesis have confirmed previous reports on the stability

of n—Si(111):H surfaces, or H-terminated Si surfaces general, against oxidation in deaer-
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Figure 4.2: Contacting of the n—Si (111):H sample surface and the electrolyte. At first the
reference electrode and counter electrode (not shown) are in contact with the electrolyte.
Next, the electrochemical cell is raised with respect to the sample holder, which causes
the level of electrolyte to raise also. The electrolyte covers the sample holder up to the
elevation next to the sample surface. Finally the electrolyte spills and contacts the sample
surface under potential control.

ated HySO, solutions [165, 311,334, 354,355,361]: STM images obtained here show flat
atomically flat n—Si (111):H terraces, which is not expected for oxide covered Si surfaces,
but at least a strong degradation of STM image quality [305,362|, if imaging by STM is
possible at all [295]. Furthermore, an oxide covered n—Si(111) surface immersed in an
electrolyte can be identified from impedance measurements, where such a surface exhibits
Ewg independent capacitance values |235]. This behaviour has not been observed in the

present experiments.
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4.2 Characterisation of n—Si (111):H aurfaces®

The n—Si(111):H surface in contact with 0.1 m HySO4 was characterised by cyclic voltam-
metry and impedance spectroscopy in addition to the characterisation by STM in subsec-

tion 3.3.2. During these experiments no metal salts had been added to the electrolyte.

4.2.1 Oxygen dissolved in the electrolyte

In Figure4.3 two cyclic voltammograms of a n—Si(111):H sample in 0.1 M HsSO, elec-
trolyte purged with Argon 5.0 are shown. The first scan (grey curve) was recorded after
inserting the sample after about 15 minutes of purging, the second scan (black curve)

was recorded after additional 20 minutes of purging. Going from positive to negative

0 L -
o dE/dt = 10mV s™
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<
=
50 F 4
n-Si(111):H electrode
in 0.1M H,SO,
-100 | . 2
containing traces of Oxygen
—— without Oxygen
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Figure 4.3: Cyclic voltammograms of a n—Si (111):H electrode in 0.1 M H,SO,4. Traces of
oxygen in the electrolyte (grey curve) cause an increase in the cathodic current density
for potentials Ewg < 400mV. Further purging of the electrolyte by Argon 5.0 expell
the oxygen contamination and the feature in the cyclic voltammogram disappears (black

curve).

working electrode potentials, in both cyclic voltammograms a steep increase of cathodic
current density in the potential range Ewg < —750mV is obvious. It can be attributed

to the hydrogen evolution reaction at the n—Si(111):H surface 2H" 4 2e~ — Hy 1. In the

SResults presented in this section have been published in [i]
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first potential scan (grey curve in Figure 4.3), however, there is already an increase in ca-
thodic current density at approximately Ewg = —400mV. This feature can be attributed
to traces of oxygen, which have still remained in the electrolyte [245,363,364] and are
consumed according to Og + 4HT 4+ 4e~ — Hy0 or Oy + 2HT 4 2e~ — H202 [365, 366].
Further purging of the electrolyte with Argon 5.0 (purity of 99.999%) expelled the oxygen
contamination from the electrolyte and the corresponding feature in the cyclic voltam-
mogram disappeared (black curve in Figure4.3) [202,245, 311, 363-365, 367, 368]. Thus,
careful purging of the electrolyte with an inert gas is essential to obtain reliable data
from cyclic voltammetry measurements, in particular when working with n—Si(111):H
surfaces [369,370].

4.2.2 Flatband potential of wet chemically etched n—Si (111):H

samples

The flatband potential Epg determines the transition of electron accumulation to electron
depletion of n—Si (111):H surfaces, and vice versa, (see subsection 2.3.2). The availability
of charge carriers at electrode surfaces, besides Ewg, determines metal electrodeposition
and -dissolution onto and from these surface. Thus, for an overall interpretation of results
from electrochemical experiments it is necessary to be aware of the value of Epg. The flat-
band potential of the n—Si (111):H samples employed in this thesis was determined from
impedance measurements on the n—Si(111):H samples exposed to the electrolyte 0.1 M
HySOy in the potential range of deep electron depletion by applying the Mott-Schottky
relation (see 2.3.2).

The n—Si(111):H samples were inserted into the deaerated electrolyte under potential
control at Ewg = —120mV < Epg.
The data from the impedance measurements at different values Ewg were fitted to

the equivalent circuit depicted in Figure4.4 in the software ZView 3.3b. In this circuit

—__ 1
Rs Rsc
||
1
Csc

Figure 4.4: Equivalent circuit for extracting the space charge capacitance Cgc from the
impedance measurements by a fitting procedure. The space charge region is represented
by Csc and Rgc, Rg accounts for ohmic potential drops in the measurement.

the space charge region at the n—Si (111):H surface is represented by the capacitance Cgc

and the resistance Rgc, while the series resistance Rg accounts for ohmic potential drops
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in the measurement. The electrochemical double layer capacitance can be safely omitted
in this equivalent circuit since it is much larger than Cgc [208,210, 218, 230].

In the potential range Ewg < +300mV the capacitance Cgc (full circles in Figure 4.5),
as obtained from the fit, follows the Mott-Schottky relation (Equation (2.29))

AN 2 p m ) (2.29)
Csc/)  eegNpe WE FB B '

where A is the sample surface area under investigation and kgT ~ 25meV for T = 300 K.

Cgcz depends linearly on Ewg in this potential range, the slope of the Mott-Schottky plot
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Figure 4.5: Mott-Schottky plot of the capacitance Csg, as obtained by fitting the
equivalent circuit shown as in Figure4.4. The intersection of the extrapolation of
Cgd for Ewg = 330mV (solid line) and the abscissa results in a flatband potential
Erg = —53mV of the n—Si(111):H samples. Ewg is quoted with respect to the SHE
reference electrode.

(Figure 4.5) corresponds to a doping density Np = 1.33-10'® cm®. This value is in good
agreement with the manufacturer’s specification of then n—Si(111) wafers investigated.
The extrapolation of Cgg in Figure4.5 intersects the abscissa at Epp + (kpT/e),
which gives a flatband potential Epg = —53mV for our substrates. This value of Egp
is consistent with reports in the literature, where values of —150mV < Egg < 0mV

have been obtained for n—Si(111):H of Np ~ 10" cm? in contact with an electrolyte
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of pH =1 |225,354,355,371]. An investigation of the pH dependence was not a goal in
this thesis. The consistency of Exg with previous results, obtained by impedance and mi-
crowave reflectivity measurements in HF solutions [371], shows in particular, that oxide
free n—Si(111):H surfaces can be accomplished in Ar purged 0.1 M HySOy,.

In the potential range Epg < Ewg < +300mV the space charge capacitance Cgc, as
obtained from the fit to the impedance data using the equivalent circuit in Figure 4.4,
becomes larger than the prediction for Csc by the Mott-Schottky relation (Figure4.5).

This deviation from the Mott-Schottky relation has been attributed in general to an
additional, “surface state” related, capacitance in n—Si(111):H [218, 229, 230, 235, 371].
From a theoretical point of view, the n—Si(111):H surface should not exhibit surface
states [372-374], and in experiments in ultra high vacuum (UHV) such states have not
been observed [199,375-378].

Further investigation of this surface state related capacitance is presented in subsec-
tion 4.2.3.

4.2.3 Surface states of wet chemically etched n—Si(111):H sur-

faces

As presented in subsection 4.2.2, the space charge capacitance Cgc, as obtained from the
fit to the impedance data using the equivalent circuit in Figure 4.4, becomes larger than the
prediction for Cgc by the Mott-Schottky relation in the potential range
Erp < Ewg +300mV (Figure4.5). This deviation from the Mott-Schottky relation
has been attributed in general to an additional, “surface state” related, capacitance in
n—Si(111):H [218, 229,230, 235,371]. The total measured capacitance (Figure4.5) has
been identified by simultaneous microwave reflectance and impedance measurements as a
superposition of space charge capacitance, which obeys the Mott-Schottky relation, and
surface state related capacitance [371].

In the present experiments similar results of a superposition of space charge capaci-
tance and surface state related capacitance are found, when fitting the impedance data
with the revised equivalent circuit shown in Figure 4.6, which accounts for surface states
by Css and Rgg in parallel to Csc and Rge [130, 218, 232, 350, 351, 379-381]. Cgc now
accounts only for the space charge capacitance.

Since it follows the Mott-Schottky relation, we set Cgc in this potential range
(Ewg < +300mV) in accordance with the Mott-Schottky relation and fit then the equiv-
alent circuit from Figure 4.6 to the impedance data. This fitting procedure improves the
quality of the fit and results in values for Cgg as shown in Figure 4.7.

The spreading of Cgg over a potential range of 350mV can be explained by several

surface states of different energy levels contributing to Css. A monoenergetic surface state
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Figure 4.6: Circuit diagram employed for separating the capacitance of the surface states
(Cgs) from the capacitance of the space charge region (Csc). Rgs is the surface state resis-
tance, Rgc the space charge resistance and Rg is the series resistance of the experimental
setup to the sample.

is characterised by
e cosh(Ess — Bwg)] >
4kgT 2kgT
with a full width at half maximum of 3.52kgT /e ~ 88 mV at room temperature [382,383|.

Thus, the broad distribution of Cgg in Figure4.7 can be explained by a superposition of

(4.1)

a minimum of three distinct surface states with a particular energy level each. This is
shown in Figure4.8: The thin lines represent the three surface states at Eig &~ +26 mV,
Eiq ~ +109mV, and Edy &~ +212mV with respect to the SHE reference electrode.

The curves in Figure 4.8 are a best fit to the Cgg values. The potential dependence of
Css (Figure 4.7) is reproducibly found in all investigated n—Si(111):H samples, although
the magnitude of Cgg at a particular potential varies by about a factor of three. This
suggests a similar distribution and occupation of the surface states in all investigated

samples, but a variation in the density of surface states from sample to sample.

The position of these surface state levels with respect to the band edges of n —Si (111):H
can be easily calculated at flatband conditions Ewg = Er = Epg. For flatband condi-
tions and for complete donor exhaustion, the Fermi level Er is approximately given by
Er ~ E¢+kgTIn(Ng/Np) /e = E¢ + 245mV, where N¢ is the effective density of states
in the conduction band 123,208,209, 214].

The conduction band edge E¢ at flatband conditions can be determined from Egg in
Figure4.5 to Ec = —298mV. The surface state levels relative to E¢ then read
Eis = Ec +324mV, Ei; =Ec+407mV, and Eiq = Ec+510mV. For convenience,
these levels are given on a potential scale rather than an energy scale. Their positions
in the bandgap of n—Si(111):H are indicated in the schematic in Figure4.9 for the case
of flatband conditions. They do not overlap with the conduction or valence band, which

legitimates their surface state character.
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Figure 4.7: Surface state capacitance Cgg, as fitted to the impedance data using the
equivalent circuit in Figure4.6 (full circles). The open circles connected by a solid line
represent the space charge capacitance Cge according to the Mott-Schottky relation. Ewg
is quoted with respect to the SHE reference electrode.

The observed surface states seem to be correlated to the wet chemical preparation pro-
cedure of H-terminated n—Si(111):H surfaces.  This procedure not only creates
H-terminated n—Si(111):H surfaces, but results also in a hydrogen diffusion into the
subsurface region of n—Si(111):H [384-389|.

It has been shown by experiments in UHV, that hydrogen in the subsurface region of
n—Si(111) samples occupies interstitial positions in the Si lattice and neutralises dopant
atoms by acting as oppositely doping species [385, 386, 388,390-394]. Differently charged
states of interstitial hydrogen, acting as donor or acceptor, are found in experiments car-
ried out under UHV conditions by employing secondary mass ion spectroscopy, capacity-
voltage measurements, deep level transient spectroscopy, infrared absorption measure-
ments, reactivation of passivated dopants by minority charge carrier injection, or a com-
bination of these techniques [391,392,395-402]. The corresponding energy levels asso-
ciated with interstitial hydrogen have been reported to be located within the band gap
of n—Si(111):H above midgap [391,392,395-401]. In experiments, which employ H im-
plantation for introducing hydrogen into the Si samples, besides the hydrogen related

energy levels, a variety of energy levels associated with defects due to the implantation
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Figure 4.8: Representation of the measured surface state capacitance Cgg (filled circles)
by three monoenergetic surface states Egg (thin solid lines) and their superposition (thick
solid line). Ewg is quoted with respect to the SHE reference electrode.

process are observed in the range from midgap up to the conduction band edge [401]. Such
implantation defect related energy levels are not expected in the present wet chemically
prepared n—Si (111):H samples.

When these previous findings of many references are compared with the present results,
obtained by fitting only three distinct surface state levels to the impedance data, a nearly
perfect agreement is found, although it is possible that there is a range of defect related
states showing similar energy levels involved. The surface state levels Egg, as derived from
our measurements, are compared with the literature data in Table4.1.

Ess /mV | (Egs — Ec) /mV | (Eg — E¢) /mV

126 1324 1320 [395,396,403], 300 [401], = 1250 [397]
+109 1407 1450 [395,396,403], +450 £100 [392],  +390 [401]
4212 1510 520 [398-400), 1510 [391]

Table 4.1: Comparison of the surface state levels obtained in this publication (Esg) with
values from the literature for hydrogen induced states obtained from measurements, using
different experimental techniques (Eg). Values in the left column are quoted with respect
to the SHE reference electrode. Values in the middle and right column are given on a
potential scale and correspond to energy values when multiplied with the electron charge.
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Figure 4.9: Energy scheme of n-Si(111):H wunder flatband conditions
Ewg = FEpg = —-53mV. E¢ and Ey are the conduction band edge and the va-
lence band edge, respectively. The surface state levels Egg obtained from Figure 4.8 are
indicated. Ewg is quoted with respect to the SHE reference electrode.

The deviation of the capacitance values in Figure 4.5 from the prediction for Cgc by
the Mott-Schottky relation at potentials Ewg 5 +300mV occurs at a width of the space
charge region [218] of dsc = €€9(A/Csc) ~ 600 nm (see Figure 4.10).

This value for dgc is in the same range as the hydrogen diffusion depth into the
n—Si(111):H subsurface region, which has been reported to be several 100nm up to
3 um [386,388,391-393,404]. This coincidence is another argument for hydrogen in the
n—Si(111):H subsurface region being the origin of the observed surface states. While at
potentials Ewg < +300mV these surface states are located within the electron depleted
space charge region and do not participate in charge transfer processes, at potentials
Ewrg < +300mV the width of the space charge region dgc becomes similar or smaller
than the hydrogen diffusion depth, which allows for a participation of these surface states
in charge transfer processes.

Nevertheless, the expression “surface states” is maintained throughout this thesis for

convenience and to avoid confusion, although these states could be also, more accurately,

described as (subsurface) volume states extending to the surface.

The discussion so far assumes a constant doping density Np in n—Si(111):H, and
therefore an ideal Mott-Schottky behaviour of Cgc, which is modified by the additional
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Figure 4.10: Calculated width of the space charge region dsc (open circles) and surface
electron concentration relative to the bulk value ng,¢/npu (filled circles) as function of
working electrode potential Ewg applied to an—Si(111):H sample. The flatband potential
Erp is indicated by a dashed vertical line.

capacitance Cgg originating from the surface states.

However, there is still another aspect to be mentioned: In photoemission measurements
at the n—Si(111):H / UHV interface, which are sensitive to the actual electronic structure
at the surface, hydrogen diffused into the subsurface region of n—Si(111):H has been
found to result in a lowering of the Fermi level at the n—Si(111):H surface [405]. The
explanation for this finding has been, that hydrogen in the n—Si (111):H subsurface region
changes the doping density Np [405].

The value Np =1.33-10cm™> which we deduce from our measurements at
Ewr &£ +300mV represents the doping level at potential conditions with a broad elec-
tron depletion zone dgc £ 600 nm in accordance with the Mott-Schottky relation. Since
surface states cannot participate in charge transfer at deep electron depletion condi-
tions, i.e. broad depletion zones, this value is likely to be the bulk doping level of the
n—Si(111) material, which does not reflect an eventual influence of subsurface hydrogen
on the doping level. Therefore, it is questionable if the doping level in the subsurface
region of n—Si(111):H (dsc < 600nm) can be determined from measurements of Cgc in

the potential range Ewg < +300mV.

The area density Ngg of a monoenergetic surface state is derived from the maximum
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of the Csg distribution: Ngg = 4kpTCR/e2 [206, 218, 259, 379, 380, 383, 406, 407]. From

2 in very

Figure 4.7 the total area density of surface states is estimated to (10'Y — 10') cm™
good agreement with [371]. When we consider a hydrogen diffusion depth of the order of
1 um [386,388,391-393,404], this corresponds to a density of states of (10 — 10') cm™3
in the n—Si (111):H subsurface region, suggesting that the term “subsurface volume states
extending to the surface” would be more appropriate to classify these states. A signif-
icant influence of these states on the effective doping level in the subsurface region of
n—>Si(111):H may be reasonable in substrates whose doping level is of same order, as is
the case for our n—Si (111):H samples.

In view of the photoemission results [405|, the deviation of the space charge capacitance
from the Mott-Schottky relation for Ewg < +300mV may be interpreted as a change in
the effective doping level close to the n—Si (111):H surface due to dopant passivation by
hydrogen.

The exposure of n—Si(111):H surfaces to fluorine containing etching chemicals like
HF or NH4F has been reported to result also in a diffusion of fluorine into the n—Si (111)
lattice, giving rise to additional electronic levels [408,409]. These should be “buried” in

the valence band of Si [408] and not accessible in our experiments.

4.2.4 Conclusions

The results obtained in this section show, that the electronic structure at the n—Si(111):H
surface is very complex, since hydrogen introduces electronically active states in the
n—Si (111):H subsurface region. Three different states within the band gap of n—Si (111):H
are identified at energy levels Eiq =Ec+324mV, Eij=Ec¢+407mV, and
Eq = Ec + 510 mV, where E¢ denotes the conduction band edge. These energy levels
correspond to states originating from hydrogen in the subsurface region of n—Si(111):H,
which have been measured previously under UHV conditions with different experimental
techniques.

Due to their energetic position between midgap and conduction band edge of
n—Si(111):H, they may participate in charge transfer processes in a potential range,
where the n—Si(111):H surface is depleted of conduction band electrons. The density
of these hydrogen-related states is of the order of (10 — 10*)cm™2. Consequently, a
significant deviation of the effective doping level in the n—Si(111):H subsurface region
may be expected in n—Si(111):H samples of comparable doping density Np, with conse-
quences for the Fermi level position at the n—Si(111):H surface. These aspects may be
of particular importance in charge transfer processes at the nanoscale, where only small

amounts of charge participate.
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4.3 Correlation of image resolution with tip apex di-
ameter in scanning tunneling microscopy on the

nanoscale °

Scanning tunneling microscopy (STM) is a powerful tool for investigating surfaces, since it
provides real-space images of surfaces with up to atomic resolution [46,64] and allows for
manipulation of surfaces at theses scales [51,63]. STM is extremely sensitive on variations
of the tip—sample distance (gap width) due to the exponential dependence of the tunneling

current on the distance d between STM tip and sample:
Livnnel ~ €xp [—A- \/Ed] (4.2)

with A =10.12(eV) 2nm ' and the tunneling barrier ® [99]. This exponential depen-
dence of Iiyune On the distance d leads to the common assumption that only one atom
at the STM tip apex, which is closest to the sample surface, contributes to the tunneling
current, and, thus, by default atomically resolved STM images are achievable.

However, such a situation is hardly achieved in experiments, particularly those carried
out at ambient conditions, or at solid / liquid interfaces. STM tips are usually changed for
each experiment, and experiments are performed at room temperature, where atomically
sharp protrusions on the tip apex surface may not be stable. The actual tip apex radius
in a particular experiment is usually unknown.

During imaging of atomically flat sample surfaces the influence of the tip apex radius
is not immediately obvious since “only” the height contrast of a corrugated lattice plane
decreases with increasing tip apex radius. However, the tip apex radius plays an important
role for the achievable resolution when structures with finite extension perpendicular to
the surface are imaged. This is often underestimated in the literature.

Abrupt vertical variations on surfaces, like step edges, are always imaged a few nano-
meters wide [24,36,98,179,361,410-412|. Nanoscale clusters with diameters below 10 nm
are usually imaged without explicit atomic structure, and their height does not correlate
to the number of atomic layers [26,31]. There are only very few examples in the literature,
like a Co cluster on Au(111), where the layered structure and the single atomic planes
of a cluster could be imaged [37]. The detailed analysis and reliable interpretation of
nanoscale structures in STM images is a continuing and still unsolved problem.

The influence of the tip apex radius on the measured structure shape has been subject
to a variety of investigations in the literature [413-427]. An estimate of the tip apex

radius may be derived by applying statistical algorithms to STM images without detailed

6Results presented in this section have been published in [v]
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knowledge of the individual structures [413-416]. Most of the approaches to deconvo-
lute the tip influence are based on geometrical considerations, do not take into account
the three-dimensional tip-sample geometry and /or do not account for the exponential
dependence of the tunneling current on the gap width [414-425|. Unfortunately, most
studies address characteristic length scales much larger than the length scale of interest
in experiments at the nanoscale, as, e.g., in the investigation of clusters a few atoms in
width and height. Finally, artificial structures of known structure shape have been im-
aged and the recorded image used for deconvolution of the tip shape, in order to apply
this information subsequently to deconvolute an unknown structure shape in a different
experiment, eventually using the same tip [419-425].

In this section, the influence of the tip apex radius on the gap width, on the lateral
step edge width in STM images, and on the width and height of structures in STM images
at the nanoscale is analysed, each time for a STM operated in constant current mode.
Detailed calculations of a three-dimensional geometry taking into account the exponential
current—distance dependence of a tunneling contact are employed. The results from the
calculations are correlated to experimental observations. The term “apparent” width
or height is used throughout this section instead of “measured”, in order to indicate a
calculated quantity.

The results show in particular, that finite STM tip apex radii increase the apparent
width of a (nano)structure in STM images by a tip apex radius dependent offset. At
a given structure size, this offset increases non linearly with increasing tip apex radius.
Structures much smaller than the tip apex radius in addition appear reduced in height
in STM images. This effect results in an additional nonlinear increase of the apparent
structure width for small structures. Due to these effects, the resolution achievable in
STM is severely limited by the STM tip apex radius.

The consequences are particularly substantial for structures sizes below 10nm: The
error between apparent structure size and actual structure size may be more than 1000%,
when using tips of inappropriate tip apex radius, although the same blunt tips produce
at the same time acceptable images of flat terraces. Therefore, STM images of nanoscale
structures derived with different STM tips seem to be not comparable to each other unless

the tip apex radius and its impact on the structure shape is known for each STM tip used.

However, the results indicate also, that the tip apex radius can be calculated from the
measured shape of step edges in a STM image, and can be subsequently used to decon-

volute the measured shape of nanostructures in the same STM image.

The principle of the calculations is sketched in Figure4.11. The x-y plane is defined
as the sample surface, the z-direction is along the tip axis, perpendicular to the sample

surface. The apex of the STM tip is approximated as a half-sphere of radius ry,, zo at
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Figure 4.11: Geometry of the STM tip apex of radius 1y, used in the calculations. The
point of the tip apex closest to the surface is given by zg at (x¢,y0). A point P on the
tip apex surface is has the coordinates by x, y, and 7z (x,y). The cone having a base of
Tsurface iNdicates, that the tunneling current contribution of a point P to the total tunneling
current is not only restricted to tunneling in perpendicular direction to the surface.

(x0,y0) determines the point of the tip apex closest to the sample surface, i.e. the width
of the tunneling gap. The distance from the sample surface to any point P on the tip
apex surface at the lateral position (x,y) is given by z (x,y), as shown in Figure4.11.
The model applied in the calculations is based on continuous surfaces of sample and
tip apex, although they exhibit a periodic atomic and, hence, electronic structure. This
simplification is applicable in the calculations, since they average over lateral length scales
of at least ten, or more, atomic distances. Atomic planes at the STM tip surface imply a
discrete distance structure in the tunneling gap, but cannot be modeled realistically for a
polycrystalline and, with respect to the crystallographic orientation, undefined tip apex.
The total tunneling current at the STM tip apex is obtained by integrating the current
contribution of each point P on the tip apex surface over the whole tip apex surface
(Figure4.11). The current contribution of a single point P of the tip apex surface is

obtained by integration of the tunneling current

Liunner(2,y) ~ exp [ — AV \/22(3:, y) + 12 (4.3)

sur face

over the whole sample surface (0 < rgyface < 00) as schematically shown in Figure4.11.
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This appears to be necessary since the tunneling current is not restricted to the direction

perpendicular to the sample surface.

The result of this twofold integration yields a measure for the tunneling current be-
tween the sample surface and the STM tip with an apex radius ry;,, separated by the gap
Wldth ZQ.

The STM images shown for comparison with the calculations are unfiltered and have

only been flattened to eliminate the surface curvature artifact in the original STM data.

(1) variation of gap width with ryp:
The STM tip was placed above a flat sample surface.

First, the tunneling current for the smallest tip apex radius in our calculations,

ryip =0 nm, and a corresponding zp(ryp, =5 nm) =0.8nm was calculated as the reference
Iﬁat

value tunnel

(zo(ryip =5nm), ryip, =5Hnm). Next, the tunneling current was calculated for

larger values of ry;,, and for each ry;, the gap width zo(ry;,) was iteratively increased (so to

flat
Itunnel

speak, fitted), until the calculated value of

flat
tunnel

zo(rtip) on the tip apex radius at constant current conditions is shown in Figure 4.12 (open

(2o(Ttip), Itip) corresponded to the refer-

ence value I (zo(ryip =5 nm), i, = 5nm). The resulting dependence of the gap width

squares).
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Figure 4.12: Increase of the gap width with increasing tip apex radius at constant current

conditions for three different reference gap widths zo(ry, =5nm)=0.4nm, 0.8 nm, and
1.6 nm.
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The above calculation was also performed for a smaller and a larger reference value
zo(ryip = Hnm) of the gap width in order to investigate the influence of the absolute gap
width on the variation of the gap width with increasing ry,. zo(ry, =5 nm)=0.4nm and
zo(ryp =5nm) = 1.6 nm were chosen, respectively. The resulting curves are shown in Fig-
ure4.12  as  filled circles  (zo(rip=5nm)=0.4nm) and filled triangles
(zo(rtip — Hnm) — 1.6 nm), respectively. Comparison of the curves for the three different
values of zy(rp) in Figure 4.12 shows, that the absolute value of zy(ry, =5 nm) plays only
a minor role for the increase of the gap width with increasing ry,. The main contributor
to the change in gap width is ryy,.

The calculations show, that the tunneling current 112t - (z, ;) at constant gap width
zo increases with increasing tip apex radius ry,. This is a reasonable effect, since the
geometrical cross section of the tunneling gap becomes larger with increasing ry;,. The
effect is the more pronounced, the smaller the tip apex radius becomes (increase in slope
in Figure 4.12 with decreasing ry;,). In an STM experiment, performed at constant current
conditions, the feedback-loop of the STM will increase the gap width in such a situation,

in order to maintain a constant tunneling current.

Consequently, STM experiments at the same constant current conditions, but with
different STM tips are actually carried out at different gap widths. There may be a varia-
tion of up to (0.2—0.3) nm in the gap width (Figure4.12) depending on 1y, of the actually
used STM tip, when considering typical tip apex radii of (5—100) nm in STM experiments.

(7i) variation of apparent step edge width with ryp:
The STM tip was again placed above a flat sample surface. When the STM tip moves
across this surface and approaches a single step edge of height h from the lower side,
the reduced gap width at the step edge causes an increase in tunneling current. A STM
operated in constant current mode consequently reduces the measured tunneling current

to the predefined tunneling current setpoint by increasing the gap width.

This situation was modeled by introducing a step of height h =0.31 nm, corresponding
to a higher terrace with the n—Si(111) layer distance, in our simulations. A schematic of

the geometry used for these calculations is shown in Figure4.13.

First, the STM tip was placed on the lower terrace far away from the step edge at
the reference gap width zy(ry,), to obtain 118 (74(ry,), 1) for the flat surface. For
this reference calculation a gap width zo(ry, =5nm)=0.8nm was used, and for larger
tip apex radii ry;, the particular value for zy(ry,) obeying the corresponding curve (open
squares) in Figure4.12, to account for the results of (i), i.e. the variation of zo(r4,) with
riip. Initially, z’(ryp), denoting the distance in between tip apex and lower terrace, was

set equal to zo(rgp)-

Next, the STM tip was moved in successive steps in direction towards the step edge.
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Figure 4.13: Geometry of the STM tip apex of radius 1y, used for calculating the apparent
step width of a step edge having height h. The tip—sample separation z’ is measured from
the lower terrace. It is increased, until the tunneling current in the calculations matches
the reference value of the tunneling current when the tip is completely positioned above
the lower terrace.

Istep

flat
tunnel I

Upon each step, (2'(ryip), T'eip) Was calculated and compared to L% (zo(ryip), Ttip)-

The increasing contribution of the upper terrace to the tunneling current with the STM

step
tunnel

tip position closer to the step edge yields a larger 1 (z’(r4ip), I'tip) in comparison to

Tfat (zo(riip), tip)- To equalise the two values, the gap width z'(ry,) (see Figure4.13) at
this  particular STM  tip  position  was  increased  iteratively, until
I (2 (viip), Tiip) — 1128 (20(riip), Taip). Then, the STM tip was moved another step and

the calculation repeated. This procedure was executed, until the STM tip was com-
pletely positioned above the higher terrace. The gap width on the higher terrace is then
2’ (reip) = 2o(Tip) + h.

The calculated gap widths z’(ry;;,) at particular positions relative to the step edge result
in the apparent height profile of the step edge. This profile corresponds to the apparent
width of a step edge as imaged in STM experiments by a STM tip with tip apex radius
Ttip-

As an example the apparent step edge widths of a step edge on a n—Si(111) surface
(h=0.31nm), obtained for different ry,, are shown in Figure4.14. The broadening of the
apparent step edge width increases with increasing tip apex radius r,. While the width

of the step edge appears to be (2-3)nm for ry, =5nm, the width appears to be 8 nm
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Figure 4.14: Ideal step edge and calculated shape of the step edge in STM images for dif-
ferent STM tip apex radii, using zo(ry, =5 nm) = 0.8 nm and constant current conditions.

and 16 nm for ry, =40nm and ry, = 160 nm, respectively. The apparent width of a step
edge in such a situation extends over 10 nm and is associated with a curvature of the flat

terraces over a range of several nanometers.

(i7i) variation of apparent dimensions of nanostructures with ryp:
Following the procedure for a flat surface with a step edge in (ii), profiles of structures
with same height of h =0.31 nm, but different width (1 nm, 5nm, 8 nm, 40nm) on the
sample surface were calculated for different tip apex radii (5nm, 40nm, 160nm). The

results are shown in Figure4.15a—d.

At sufficient width of the structure, there is no reduction of the apparent height in
comparison to the actual structure height (Figure 4.15b—d). In the case of small structure
widths (Figure4.15a), the apparent height of structures is reduced in comparison to the
actual structure height. This can be attributed to the background current from the
flat sample surface surrounding the structure, which contributes to a larger extent to the
tunneling current for small structures than for broad structures of same height. This effect
becomes more pronounced for STM tips of large apex radius (Figure 4.15a—c), since such
STM tips gather tunneling current from a larger area of the sample surface around the

structure.
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Secondly, with increasing tip apex radius ry,, the width of the structures increases

(Figure4.15a~d). The ry, dependent “broadening” corresponds to two times the value of

the apparent step edge width as calculated in (ii), which adds up to the actual structure

width.
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Figure 4.15: Ideal structures and calculated shape of the structures in STM images for dif-

ferent STM tip apex radii, using zo(ry, =5 nm)

= 0.8 nm and constant current conditions.

Structure widths are (a) 1nm, (b) 5nm, (¢) 8nm, (d) 40 nm.

The dependence of the apparent width (FWHM) of structures, as calculated in Fig-

ure4.15a—d, on different STM tip apex radii is summarised in Figure4.16. The case of
an “ideal” STM tip, which exactly reproduces the actual structure, is represented by the

diagonal solid straight line. A STM tip of finite radius gives an apparent structure width
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larger than the “ideal” STM tip. The offset of two times the apparent width of a single
step edge due to the finite tip apex radius ry;, is indicated by dashed lines in Figure4.16.
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Figure 4.16: Comparison of actual and apparent structure widths (FWHM) as obtained
from calculations using different values of ry,. The diagonal straight solid line indicates
the case of an “ideal” STM tip. Dashed lines indicate the offset added to the actual
structure width in the case of broad structures, the solid lines at small structure widths
show an additional nonlinearity, basically due to a decrease of the apparent structure
height. Within the grey shaded area, the apparent structure width is within 50% error to
the actual structure width.

In addition to the offset, there is a nonlinear increase in the apparent width of small
structures, when they are imaged by tips of ry;, larger than the structure size (solid lines
in Figure4.16). This effect originates from the reduction of the apparent height and is
the more pronounced the larger the reduction of apparent height becomes.

From Figure 4.16 the minimum achievable resolution in STM can be deduced from the
intersection of the curves with the ordinate. It is obvious, that the resolution depends
dramatically on the radius of the STM tip used.

Supposing an acceptable error between apparent and actual structure width of 50%, tip
apex radii ry;, are required to be within the grey shaded area in Figure4.16. Correspond-
ingly, imaging of structures with actual widths of less than 10 nm makes high demands
on the acceptable tip apex radius. The requirements are hard to achieve with current tip
preparation procedures, even if they are highly sophisticated [196]. Electrochemical tip

etching procedures without further processing (“sharpening”) of the tips will not provide
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the requirements according to the experience and investigations in the author’s research

group.

(iv) correlation of calculations with experiments:
In order to validate the calculations, a comparison of the results to experiments has been
performed: The tip apex radius 1y, of a series of STM tips was determined at first by
scanning electron microscopy (SEM), while subsequently the imaging capability of the

same STM tips was analysed from STM images.

| measured
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Figure 4.17: (a) Scanning electron microscope image of a STM tip with apex radius
riip = 65nm. (b) Au(111) surface imaged at Liynne =30 pA using the STM tip shown in
(a). (¢) Measured (black bar in (b)) and calculated step edge profile.

Exemplarily, the result for an etched Au STM tip is shown in Figure4.17. The tip
apex radius ry, —65nm was determined from SEM (Figure4.17a). The STM image of
an Au (111) surface area imaged with this STM tip is shown in Figure4.17b. Au(111)
plateaus are observed, the image quality appears to be state of the art as frequently seen

in the literature. The large value of ry, — 65 nm has not been expected, when considering
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the good quality of the STM image. From the upper line scan profile in Figure4.17c
(taken at the position of the black line in Figure4.17b) a finite measured width of the
step edge is obvious. The calculation of the apparent step edge width using g, —65nm,
which would be expected to be measured with this tip, is shown as the lower profile in
Figure4.17c. The coincidence of measured and calculated step edge profile in Figure4.17c
is nearly perfect.

Figure 4.17 demonstrates that the large tip apex radii which are assumed in the cal-

culations are not at all unrealistic for STM experiments.
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Figure 4.18: n—Si(111):H surfaces exhibiting step edges of 0.31 nm in height imaged by
different STM tips at the same experimental conditions Uy;.s = 700 mV and i une = 30 pA.
From the line scans a larger apparent step edge width in STM image (b) is obvious. This
broadening is due to the larger ry, =300nm used in STM image (b) in comparison to
rip = 25nm in STM image (a).

When analysing “high quality” images as shown in Figure4.18a, large tip apex radii
are found as well. A tip apex radius ry, —25nm is determined from the measured step
edge width in Figure4.18a. On the other hand tip apex radii of ry, =300 nm result in
reasonable images as well, although this had not been expected at all (Figure4.18b). The
worse STM tip, i.e. the tip with larger ry;,, even shows a better STM image with respect
to the ripple in the line scan on top of a terrace (Figure4.18b), since it averages the
tunneling current from a larger area.

The investigations point out, that the presence of flat terraces in STM images is not a
reliable source for judging the STM tip quality, i.e. tip apex radius ryp. Rather a detailed

analysis of the apparent width of sharp vertical features as, e.g., step edges is required.
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An experimental determination of the actual tip apex radius ryp,, as performed in the
presented experiments, is a cumbersome and time consuming task, but verifies, that the
tip apex radius can be determined in STM experiments from comparison of a calculated

step edge profile and the corresponding profile from the measurement.

(v) actual and apparent shape of nanoscale multilayer clusters:

So far, the study was focussed on features of one atomic layer in height. Metal clusters
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Figure 4.19: Ideal clusters and calculated shape of the clusters in STM images for tip
apex radius ry, =5nm, using zo(ry, =5>nm)=0.8nm and constant current conditions.
The clusters consist of 0.2nm high layers with a width of (a) 5/1nm, (b) 8/1nm, (c)
8/5nm, (d) 8/5/1 nm.

at the nanoscale usually exhibit heights of several monolayers. This situation is simulated
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by a superposition of the calculations for individual layers (Figure4.19). This procedure
is applicable, as long as the step edges of the various layers in the cluster are separated by
approximately two times the broadening of a single step edge. This is approximately 2 nm
for a tip apex radius 1y, = 5nm. Various cluster configurations are shown in Figure 4.19
together with their apparent shape calculated using a tip apex radius ryp, =5nm and
zo(ryip — 5nm) = 0.8 nm.

The cluster in Figure 4.19a consists of a base layer of 5nm width and a 1 nm wide top
layer. Its apparent shape does hardly exhibit the steps of its actual shape, the cluster
appears broadened and reduced in height.

A cluster with a broader base layer of 8 nm, keeping the 1 nm wide top layer is shown
in Figure 4.19b. The apparent cluster shape implies a step shape of the actual cluster, but
also shows significant broadening of the base and top layer and a reduced cluster height
in comparison to the actual cluster shape.

Keeping the base width of the cluster at 8 nm and increasing the top layer to 5nm
results in an apparent cluster shape, which barely reproduces the stepped shape of the
actual cluster and is broadened in comparison to the actual cluster shape (Figure 4.19¢).
The apparent height of the cluster reproduces the actual cluster height.

Adding a third layer of 1nm width to the cluster from Figure 4.19¢ gives the cluster
in Figure4.19d. Again, the apparent shape does hardly reproduce the step shape of the
actual cluster. Each layer of the cluster appears broadened and the cluster height reduced
in comparison to the actual cluster shape.

The analysis of the clusters in Figure4.19 shows, that clusters of sizes below 10nm
can hardly be imaged accurately in STM experiments, even using STM tips of radius
Iyip — onm. Detailed features like step edges are barely reproduced and are not expected
to be resolved in actual STM experiments. Although flat terraces and step edges can
be imaged with very good resolution by a tip of radius ry, =5nm (Figure4.14 and Fig-
ure 4.15), and STM images with ry;, =25 nm appear to be of “high quality” (Figure4.18a),

the imaging of clusters implies much higher requirements to the STM tip apex radius.

Conclusion

Three-dimensional calculations taking into account the electronic interaction across a
tunneling contact demonstrate severe limitations of the achievable resolution in STM
experiments caused by a finite STM tip apex radius.

The width of nanoscale structures on a sample surface deviates from the actual struc-
ture width by a tip apex radius dependent offset, which increases nonlinearly with in-
creasing tip apex radius. In addition to the offset, the apparent width of small structures
is further increased, and their height reduced, when they are imaged with tips of radii

larger than the actual structure size.
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These effects have dramatic consequences when structures with finite vertical height,
e.g., nanoscale clusters of several atomic layers in height, are imaged. The clusters appear
significantly broadened in STM images, their actual height is not accurately reproduced
and their layered structure can hardly be resolved using tips of inappropriately large ra-
dius. Maintaining the error in the apparent size of structures extending a few nanometers
in comparison to their actual size below 50% demands for STM tip apex radii of approxi-
mately the actual structure size, as a rule of thumb, while for structures of larger size the
requirements in the tip apex radii become less stringent.

The results obtained can be exploited to determine STM tip apex radii from known
structures as, e.g., step edges in STM images. This information can then be used to
deconvolute the measured shape of unknown structures in the same STM image, in order
to reconstruct their actual shape. Despite the possibility to deconvolute STM tip effects
and actual structure shapes in STM images, the calculations line out, that for meaningful
STM experiments on nanoscale structures tips with radii of several nanometers and their

reproducible preparation are mandatory.
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4.4 Charge transfer processes via surface states at
electron depleted n—Si(111):H surfaces probed
by electrochemical deposition and dissolution of
Cu’

n—Si(111):H surfaces exposed to aqueous electrolytes are utilised in studies on the initial
stages of metal electrodeposition [36, 37,190, 311, 334, 354, 363, 428] or as substrate for
other applications in various fields of research and technology. Charge transfer processes
at the n—Si(111):H surface are determined by the band gap, doping level and working
electrode potential, which result either in electron depletion or electron accumulation
conditions at the n—Si(111):H surface. Surface states in n—Si(111):H are known (see
section 4.2.3), their role in charge transfer processes at the solid /liquid interface is still
vague, when the corresponding literature is reviewed [36, 37,190, 225, 311, 334, 354, 363,
428,429]. A major origin for these surface states seems to be hydrogen, incorporated in
the n—Si(111):H subsurface region (see section4.2.3). The associated energy levels are
positive of the flatband potential Epg, i.e. in a potential range, where the n—Si (111):H
surface is depleted of electrons (see section4.2.3). The density of these states in the
n—Si(111):H subsurface region is (10'* — 10'°) cm™3 (see section 4.2.3) and compares to
typical doping densities of 101 cm ™2 of n—Si (111):H samples utilised frequently in charge
transfer experiments or applications at solid /liquid interfaces.

These surface states in n—Si (111):H actually participate in charge transfer processes
at working electrode potentials positive of the n—Si (111):H flatband potential Epg, as it
is shown in this section of the present thesis. As an example, the Cu / Cu®T system was
chosen, where electrodeposition onto and dissolution from electron depleted n—Si (111):H
surfaces in the potential range Ewg > Epp is observed. The amount of transferred charge

is small, but, nevertheless, substantial on the nanoscale.

To assure the quality of the n—Si(111):H surfaces used in the studies on electro-
chemical charge transfer processes, at first STM images of the n—Si(111):H surfaces in
metal ion free 0.1 M HySO4 were recorded, with the electrode potential adjusted between
Eweg = —280mV and Ewg = +280mV at a bias voltage Upias = Etip — Ewg = +600mV.
The n—Si(111):H surfaces show potential independent clean terraces and a small sur-
face roughness, as shown exemplarily in Figure4.20. In a next step, the substrate po-
tential has been adjusted to Ewg = +430mV, i.e. far positive of the flatband poten-
tial Epg = —53mV and the STM tip was set at a potential E, = +1030mV, keeping
Upias = +600mV. The bias voltage was maintained constant at Upj,s = +600mV during

TResults presented in this section have been published in |ii]
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Figure 4.20: Freshly prepared n—Si(111):H surface imaged by STM in a 0.1 M HySO,
electrolyte without Cu?* ions. ewe = —280mV, Eip = +520mV, L, = 30pA. Image
size is 1000 nm x 1000 nm.

all measurements and all substrate potential variations, unless explicitly denoted. In the
next step, CuSO, was added to the electrolyte resulting in a 100 mM Cu?* solution. The
CuSO, used was either of p.a. (BDH Prolabo) or 99.995% metals basis (Sigma-Aldrich)
quality. There was no difference in the electrochemical behaviour of the two qualities

noticed.

The initial down-scan of Ewg on a freshly prepared n—Si(111):H surface in Fig-
ure 4.21a shows a steep increase in cathodic current density at working electrode potentials
Ewg < Epp. In this potential range the n—Si (111):H surface is under electron accumula-
tion conditions. The semi-logarithmic plot of the current-potential curve in Figure 4.21b
(black filled circles) shows a slope of approximately 60 mV per decade of current den-
sity. According to the relation of the Tafel slope B = (2.3RT/aFn) = (118/n) mV [104],
the measured slope indicates a charge transfer process with two electrons (n = 2) in-
volved, as expected for the reaction Cu?* + 2e~ — Cu, i.e. electrodeposition of Cu from
the solution. The steeper increase of the current density below Ewg &~ —100mV can be
attributed to hydrogen evolution on electrodeposited Cu in parallel to the ongoing Cu
electrodeposition. The potential independent current density due to double layer charg-

ing at clean n—Si (111):H surfaces in a Cu" free electrolyte is shown as grey filled circles
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Figure 4.21: Current—potential curve (black filled circles) of Cu deposition onto a freshly
prepared n—Si(111):H surface for decreasing Ewg, shown on a linear (a) and semi-
logarithmic scale (b). The grey line in (b) indicates the slope of approximately 60 mV
per decade of current density of the electrochemical Cu deposition. The grey filled circles
in (b) show the current—potential curve of n—Si(111):H in a metal ion free 0.1 M HySO4
electrolyte, representing the double layer charging current. The dashed line indicates the
flatband potential Epg. The vertical solid lines and potential values in (a) indicate the
particular values of Ewg where the STM images shown in Figure 4.23 were taken.

in Figure4.21b. Substracting this charging current from the total current in Figure 4.21b
(black filled circles) allows extraction of the Cu electrodeposition current density shown
in Figure4.22. The Tafel slope is slightly changed and now 56 mV per decade of current
density, nevertheless compatible with a two electron transfer process Cu?* 4 2e~ — Cu.

The slope of approximately 60 mV per decade of current density would be also com-
patible to the forward current density limitation of a Schottky barrier, which is given by
j ~ (exp(eU/kgT) — 1) [205]|. This interpretation might apply on the first view, supposed
that small Cu clusters form a Schottky interface to n—Si(111). However, the increase
in current density below Ewg ~ —100mV (Figure4.21b and Figure 4.22), which is as-
signed to hydrogen evolution in parallel to the Cu electrodeposition, is not compatible
with this interpretation. Also, current densities obtained from current—voltage measure-

ments at nanoscale diodes on n—Si(111) under electrochemical conditions [98] result in a
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Schottky barrier limited current density, which is several orders of magnitude larger than
the current density shown in Figure4.21b and Figure 4.22. Therefore, the slope of ap-
proximately 60 mV per decade of current density observed in the experiments is unlikely
to represent a Schottky barrier limited current density. The electrochemical interpreta-
tion of the slopes at working electrode potentials negative of the flatband potential Egp
(Figure4.21b and Figure4.22) seems to be more appropriate to the experiments, and is
in accordance to previous reports in the literature on the electrodeposition behaviour of
Cu on n—Si (111):H [311,334, 354, 355,363, 429|.
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Figure 4.22: Current density related to Cu deposition upon substraction of the double
layer charging current density (grey filled circles in Figure4.21b) from the total current
density (black filled circles in Figure 4.21b). The grey line indicates the slope of 56 mV per
decade of current density of the electrochemical Cu deposition. The dashed line indicates
the flatband potential Epg.

At potentials Ewg > Epg, i.e. at electron depletion conditions at the n—Si(111):H
surface, a substantial current density is observed (Figure4.21b, black filled circles and
Figure 4.22), although a much steeper decrease of the current density with Ewg than ap-
proximately 60 mV per decade of current density had been expected due to the electron

depletion at the n—Si (111):H surface in the potential range Ewg > Epp.

The characterisation of the n—Si (111):H surface by STM at Ewg > Epg, where a clean
surface had been expected, is summarised in Figure4.23. This sequence of images has
been taken at the electrode potentials indicated in Figure4.2la. A clean n—Si(111):H
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Figure 4.23: Eight subsequent STM images of Cu clusters emerging on the n—Si (111):H
surface in contact with a 100mM Cu?" solution in the potential regime Ewg > Epp. In
each STM image the black line indicates the same position on the sample. At this position
the line scans depicted below the corresponding STM image have been taken. The grey
scales of the images are not directly comparable to each other due to the flattening of the
STM images. The particular working electrode potential Ewg is indicated in each image.
The bias voltage for all images was Upias = Etip — Ewg = +600mV, Ii;, = 30pA. Image
size is 1000 nm x 1000 nm.
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surface is only observed at the most positive working electrode potentials of +230mV
and +280mV. When decreasing the working electrode potential Ewg from +230mV
(Figure 4.23a) to +30mV (Figure4.23e), nucleation and growth of Cu clusters on the
n—Si(111):H surface is observed. The subsequent increase of the working electrode po-
tential from Ewg = +30mV (Figure 4.23e) to Ewg = +280mV (Figure 4.23h) results in a
complete dissolution of the Cu coverage. The n—Si(111):H surface after complete disso-
lution of the Cu clusters (Figure 4.23h) appears to be as clean as before Cu deposition
at the beginning of the sequence (Figure4.23a), when comparing the smooth line scan

before Cu deposition with the likewise smooth line scan upon Cu dissolution.

The observed coverage of the n—Si(111):H surface can be attributed to deposited Cu,
since STM images taken in a Cu?" free electrolyte at the same experimental conditions
and same working electrode potentials Ewg as in Figure4.23 do not show a potential
dependent coverage of any kind, but clean atomically flat n—Si(111):H terraces as those

depicted in Figure 4.20 or Figure4.23a.

There are two prominent aspects in the STM images of Figure4.23: First, Cu is
deposited in a working electrode potential range, where deposition had not been ex-
pected in view of the literature [334,354,363] and where the n—Si(111):H surface is de-
pleted from electrons [371] (see also section 4.2.3). Second, Cu already deposited onto the
n—Si(111):H surface is dissolved, when the working electrode potential is increased. We

observe a reversible deposition / dissolution behaviour of Cu.

Since this is an unexpected behaviour, the Cu electrodeposition onto n—Si(111):H
under depletion conditions was verified independently of STM experiments by impedance
measurements of the n—Si (111):H surface in the presence of Cu** ions in the electrolyte.
The interface was modeled by the equivalent circuit shown as inset in Figure 4.24, and the
various parameters simultaneously fitted to the impedance data, using the same procedure

as reported in section 4.2.

The surface state capacitance Cgg of n—Si (111):H in the case of a Cu?" free electrolyte
is represented by open circles in Figure4.24. It is consistent with the behaviour reported
for the surface state capacitance in previous experiments (see section 4.2 and [371]) and
proofs, when considering the results obtained in HF solutions [371], that the present
n—Si (111):H surfaces are oxide free in Ar purged 0.1 M HySOy in the investigated potential
range. In the case of a Cu?' containing electrolyte (filled circles in Figure 4.24) Csgg is
increased by a factor of approximately three. Five measurements for both cases have been
averaged to get a better statistical significance. The range of these five measurements is
indicated by the error bars in Figure4.24. While in a Cu®* free electrolyte Css(Ewr)

shows a maximum around Ewg ~ +25mV and drops down to zero at potentials negative
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Figure 4.24: Surface state capacitance Cgg extracted from impedance measurements for a
metal ion free electrolyte (open circles), for 100 mM Cu®* electrolyte (filled circles), and
for 10mM Co?* electrolyte (stars) utilising the depicted equivalent circuit for modeling
the n—Si(111):H surface including surface states in contact with the electrolyte. Five
measurements have been averaged for better statistical significance, the error bars indi-
cate the range of these measurements. Cgc, Rgc and Cgsg, Rgg are the capacitance and
resistance associated with the space charge region and the surface states, respectively.
The resistance Rg accounts for all other ohmic potential drops in the measurement. The
electrochemical double layer capacitance can be omitted in the fitting procedure, since it
is much larger than Cgc and Cgg, respectively.

of Ewg ~ +25mV, the Css(Ewg) values in a Cu®" containing electrolyte are continuously
increasing with more negative values Ewg. The Cgg values for up- and down-scan of
Ewg are nearly identical and lie within the error bars in Figure 4.24, pointing out the

reversibility of the observed effect with respect to Ewg.

In order to counter check, whether the change in Cgg in the presence of Cu?* corre-
lates only to ionic species at the solid / liquid interfaces or indeed to Cu deposition on the
n—Si(111):H surface, Css was determined also in a Cu®" free electrolyte, but in the
presence of Co*" (Figure 4.24, stars). Co is not electrodeposited in the potential range
investigated in our experiments and, consequently, Cgg obtained for a Co?" containing
electrolyte (Figure 4.24, stars) is identical to Cgg obtained for a metal ion free electrolyte
(Figure 4.24, open circles). STM images of n—Si(111):H surfaces in a Co*" contain-

ing electrolyte taken in the same Ewg potential range confirm also a Co free and clean
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n—Si(111):H surface as for a metal ion free electrolyte (Figure 4.20).

An increase of Cgg(Ewg) either represents an increase in the density of surface states
(increased charging current density), or is attributed to a deposition / dissolution current
density — the response of the system to the sinusoidal modulation of Ewg during the
impedance measurements. There is neither hydrogen evolution on n—Si(111):H in this
particular potential range, which could result in a hydrogen diffusion into n—Si(111):H
and a corresponding increase of the density of surface states, nor an influence of ionic
species in the electrolyte as, e.g., Co?T ions without actual deposition, i.e. charge transfer,
onto n—9Si(111):H.

Therefore, considering in addition the observations in the STM images in Figure 4.23,
the totally different behaviour of Csg in a Cu®* containing electrolyte in comparison to
a Cu?T free electrolyte or a Co?t containing electrolyte can be attributed to the deposi-
tion / dissolution of Cu onto / from the n—Si (111):H surface.

Deposition of Cu onto n—Si (111):H surfaces at Ewg > Epp requires a charge transfer
of electrons from the n—Si(111) bulk to the electron depleted n—Si(111):H surface. This
can be established either through the space charge region and /or by the involvement of
surface states.

At a semiconductor / electrolyte interface, the current density associated with cathodic

charge transfer is characterised by

ji(EWE) ~e-ko- nsurface(EWE>

where e is the elementary charge, ko is the rate constant, and ngyface 1S the electron
concentration at the electrode surface [105]. In particular, j~(Ewg) is proportional to
Ngurface, Which — in contrast to metal electrodes — in semiconductor electrodes varies with

Ewg as
Nsur face = Nbulk * €XP <—M>
kgT
due to electron depletion at the surface, associated with the space charge region at working
electrode potentials Ewg > Eppg [205]: The density of electrons ngy,fac. decreases with more
positive values of Ewg.

For the present n—Si (111):H samples np = 10'° cm ™ for complete donor exhaustion
and, thus, Nguface = 2-108cecm™ for Ewg = +50mV, Ngurace ~ 2- 102 cm™3  for
Ewg = +100mV, and ngyface ~ 4 -101%cm ™2 for Eywg = +200mV.

The dependence of the surface electron concentration ngy e On Ewg modifies charge
transfer processes associated with the surface electron concentration in the potential range
Ewg > Epp by an additional factor ngyface/Npux = exp(—(Ewg — Epp)/kpT) < 1.

As a consequence, in the potential range Ewg > Epg of the current—potential curve
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(Figure 4.21b, black filled circles) a decrease in current density with a slope much smaller
than approximately 60 mV per decade of current density (slope for Ewg < Epg) would
have been expected. The actually observed low decrease of the current density with
increasing Ewg in the potential range Ewg > Epp (Figure4.21b and Figure 4.22) proofs
significant charge transfer originating from a different mechanism than charge transfer

through the space charge region.

E.=-298mV
245mV
E-s= -53mV
surface
states Cu coverage
E,= +802mV
n-Si(111) substrate electrolyte
VE/mV

Figure 4.25: Schematic for Ewg = Epg = —53mV illustrating the position of surface
states with respect to the conduction (E¢) and valence band edge (Ey). The surface
states (black colour) allow charge transfer in a potential range Er = Ewg > Epg. The po-
tential range where a Cu coverage on the n—Si(111):H surface was observed is indicated
in grey colour.

It has been previously found, that our samples exhibit surface states extending from
the surface up to several hundred nm into the bulk of n—Si(111):H with an associated
density of (10" — 10'®) cm™ in the subsurface region (see section 4.2). These states are
electronically active in the potential range Erg < Ewg < Epp + 350mV (see schematic
in Figure4.25), their density is several orders of magnitude larger than the electron den-
Sity Ngurface @t the n—Si(111):H surface in this working electrode potential range (see
section 4.2). As soon, as the Fermi level of n—Si(111):H is set within the potential range
of the surface states, electron transfer from the n—Si(111) bulk to the n—Si(111):H sur-
face is dominated by these states rather, than by the space charge region and its low

surface electron density ngumce. Since the surface states extend beyond the space charge
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region at the n—Si(111):H surface into the n—Si(111) bulk (see section 4.2), they bypass
the inhibition of charge transfer at electron depleted n—Si (111):H surfaces, explaining the
initial stages of Cu nucleation and growth being observed at much more positive potentials
than Egp.

There may be a discrepancy deduced from the small amount of charge transferred
(Figure 4.21b, black filled circles and Figure 4.22) and the rough morphology of the STM
images (Figure4.23e, f), which could be misinterpreted as a much larger coverage. Al-
though the STM images suggest a considerable Cu coverage, the actual coverage is of
the order of 1% of a monolayer, which is in good agreement to the transferred charge
determined from the current—potential curve (Figure 4.22) [430-432|. This overestimation
in the STM images is due to the limited resolution achievable in STM experiments, when
nanostructures or clusters of less than 10 nm diameter are imaged. They appear in general
as broad features with reduced height in STM images, as has been investigated in detail

in section 4.3.

The second aspect of Figure4.23, Cu dissolution upon an increase of Ewg in the
potential range Erpg < Ewg, is also in contrast to previous findings in the literature [334,
354,355,429|. There, it was argued, that a Schottky barrier formed between substrate and
Cu inhibits Cu dissolution [311,354,429]. However, such an explanation hardly applies to
the present experiments: The amount of charge transferred and the corresponding currents
in the potential range Ewg > Epp are orders of magnitude smaller than the reverse current
at room temperature leaking through a Cu /n—Si Schottky barrier with approximately
600 mV barrier height [205,311,429,433|. There are previous STM experiments on Cu
electrodeposition on n—Si(111):H [361] showing also that a Cu dissolution current of the
order of 1 pAcm™2 is actually observed. This current density would be compatible with
a barrier height of approximately 700mV in the thermionic emission model [205, 433|
assuming this anodic dissolution current is determined by the Schottky barrier reverse

current at room temperature.

The actual barrier height for nanometer sized Schottky junctions is quite unknown
and may be different from the value of bulk junctions [98,434,435]. Regardless of 600 mV

2 involved in the

or 700mV barrier height, the current density of less than 0.2 uAcm™
experiments at Ewg > Epp (Figure 4.21b, black filled circles and Figure 4.22) is well below
the reverse current density of a Cu/n—Si Schottky barrier at room temperature. This

explains the observed reversibility of Cu deposition and dissolution.

As can be seen from Figure 4.23, the Cu coverage depends on Ewg as a consequence of
the deposition or dissolution when changing Ewg to more negative or positive potential
values: The Cu clusters appear to be in an electrochemical equilibrium at a particular

value of Ewg which corresponds to the Fermi level Er of the substrate. There are no
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Figure 4.26: STM images showing the influence of the bias voltage Uy,s on the deposition
and dissolution of Cu clusters on n—Si(111):H in a 100 mM Cu?* solution. Cu clusters
dissolve underneath the STM tip upon increasing Uy;,s to 750mV and 800 mV and are
re-deposited upon lowering Uy,,s back to 600 mV. The black square in image (b) indicates
the area shown in more detail in Figure 4.27. The line scans (same height scale) are taken
at the same position in each image (white solid lines in the images). The size of the clusters
is too small as to allow for a correct imaging of their height. In the line scan in (b) the
individual steps of the n—Si(111):H surface with their typical step height Ah = 3.1 A are
outlined exemplarily. Iy, = 30pA, Ewg = +130mV. Image size is 1000nm x 1000 nm.
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dissolution or deposition phenomena observed, as long as the electrode potential is kept

constant.

The electrochemical equilibrium of the Cu clusters with the Cu?" solution can be
probed by changing the Cu®" concentration in the electrolyte. It is known, that a posi-
tively charged STM tip changes locally the Cu?* ion concentration in the region around
the tunneling gap (33,190, 311, 354, 363, 436-438]. When the bias voltage is increased,
and, thus, the STM tip more positive, it repels the positively charged Cu?" ions to a
larger extent from the tunneling gap region. The resulting local depletion of Cu®" ions
in the electrolyte shifts the electrochemical equilibrium of (Cu on the n—Si(111):H sur-
face) / (Cu®" in the electrolyte), and results in a dissolution of Cu underneath the STM

tip. A subsequent decrease of the bias voltage results in the opposite effect.

The STM images in Figure 4.26 and Figure 4.27 show exactly this effect at a Cu cov-
ered n—Si(111):H surface at Ewg = +130mV and different values of the bias voltage. At
Upias = 600 mV (Figure 4.26a) the n—Si (111):H surface is covered with Cu. Upon increas-
ing Upias by 150 mV during the next STM scan two times (scan lines enclosed by brackets
in Figure 4.26b), the n—Si(111):H surface appears clean and without Cu coverage when
scanned at increased Up;,s. In Figure4.27, a detail of the STM image of Figure 4.26b is
shown, illustrating the sharp transition from a Cu covered to a clean n—Si (111):H surface
upon changing Uy;.s. The bias induced dissolution of Cu is reversible, as can be observed
in Figure 4.26¢, where the bias voltage was restored to Uy,s = 600 mV during the complete
STM scan, and the surface is again covered with Cu. Upon increasing Uyp;,s to 800 mV
and scanning the same area of the n—Si(111):H surface again, there is no indication of
Cu on the n—Si(111):H surface (Figure4.26d).

(

U,;.s=750mV =

bias

Upias=600mV <

bias

Figure 4.27: Detail of the STM image in Figure4.26b. The sharp transition from a Cu
cluster covered to an uncovered surface upon an increase of Uy, can be clearly observed.
The grey scale is chosen different from the one in Figure 4.26, to highlight the Cu clusters
on the surface. I, = 30 pA, Ewg = +130mV. Image size is 250 nm x 250 nm.
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The electrochemical equilibrium of the Cu clusters can further be deduced from a
detailed analysis of the Cu coverage in the STM images of Figure4.23. The apparent
cluster size (FWHM) in equilibrium at particular values of Ewg, as measured with STM,
is shown in Figure4.28. Decreasing or increasing Ewg reversibly increases or decreases
the size of the Cu clusters. Although their actual size is likely to be smaller than the
measured apparent size due to the limited resolution of STM caused by finite STM tip
apex radii (see section4.3), Figure4.28 still represents the principal size dependence of

the clusters on the electrode potential Ewg.
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Figure 4.28: Apparent Cu cluster size for different working electrode potentials Ewg, as
determined from the STM images in Figure4.23. The line is a guide to the eye.

The decisive quantity for the electrochemical equilibrium of the clusters is Ewg, or
the Fermi level of the substrate Ep, respectively. The positive STM tip may modify the
band edges at the n—Si(111):H surface, bending them down to the Fermi level Ep, as
reported previously [375], but does not change Er. A previously reported compensation
of the n—Si dopant concentration by the subsurface hydrogen may result in a variation
of Ep in the subsurface region [405], but is speculative and not necessarily required to
explain our results.

There are previous reports of stable Cu clusters in electrochemical environment [439,
440]. Their stability at a particular electrode potential has been found to be determined
by the balance of increasing surface energy of a growing cluster and the electrochemical

energy [439,440]. The formation of step edges in the growing cluster requires a formation
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energy, which is supplied by a decrease of Ewg. The same argument holds vice versa
for dissolution during an increase of Ewg. This mechanism results in an electrochemical
equilibrium of the clusters and may also apply to our findings.

The observed stability of the clusters may not be explained by anion adsorption [441]
or a nucleation overpotential [111], since such phenomena would still allow for an ongoing

electrodeposition at constant Ewg, once metal has been deposited onto the surface.
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Figure 4.29: Cyclic voltammogram of Cu deposition onto a freshly prepared n—Si(111):H
surface. Arrows indicate the scanning direction of Ewg. During the first cycle (1) the
initially bare n—Si(111):H surface becomes entirely covered by Cu. As a consequence,
in subsequent cycles (2) and (3) the onset of Cu deposition is shifted towards Eocu/cu2+v
positive of Epg. With increasing Cu coverage, the electrochemical behaviour of the sample
becomes similar to a Cu bulk electrode.

A further aspect important for the stability of the clusters is Cu interdiffusion into Si
and silicide formation, which has been reported to occur for Cu evaporated onto Siin UHV
experiments [442-447|. This process would be reasonable to occur also for electrodeposited
Cu. However, a suppression of Cu diffusion into Si has been reported for the H-terminated
n—Si(111):H surface [447], and there is no inhibition of Cu dissolution due to a silicide
formation observed in our experiments.

The Cu clusters represent low dimensional systems, which are known to deviate in
their properties from bulk electrodes [38]. Our experiments are a nice example for such

systems, since the observation of Cu clusters and the control of their size by Ewg is re-
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stricted to very small Cu coverages. As soon, as Ewg approaches the flathand potential,
the n—Si (111):H surface becomes completely covered with Cu and starts to behave sim-

ilar to a Cu bulk electrode in electrodeposition experiments, as shown in Figure 4.29.

Conclusions
STM, impedance measurements, and current—potential measurements in the potential
range Epp < Ewg demonstrate nucleation / growth and dissolution of Cu onto and from
electron depleted n—Si (111):H surfaces in contact with an aqueous electrolyte, depending
on the actual electrode potential. The Cu clusters appear in this potential range to be
in an electrochemical equilibrium with the Cu?* solution. The observed charge transfer
processes in the electron depletion regime of n—Si(111):H are mediated by surface states
with energy levels in the band gap of n—Si (111):H, whose density is several orders of mag-
nitude larger than the n—Si(111):H surface electron density in the investigated potential
range Epp < Ewg.

The observation of Cu clusters on n—Si(111):H surfaces at electron depletion con-
ditions emphasises the role, surface states may play in electrochemical charge transfer
reactions. This is of great importance on the nanoscale, where charge transfer is small

compared to macroscopic scales.
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4.5 Electrochemical Nanostructuring of
n—Si(111):H surfaces by STM Probe Induced
Electric Field Effects®

The role of electric and magnetic fields in electrodeposition, or charge transfer processes in
general, has been rarely investigated. Whereas magnetic fields act preferably on the ionic
transport in the electrolyte [448-451], electric fields are screened on nanometer length
scales as a consequence of the solid /liquid interface. On the other hand, electric fields
should be important only in systems which show a certain polarisability. This is the
case for adsorbate structures, molecule layers, or semiconducting surfaces rather than for
metal surfaces. At a solid /liquid and at nanoscale dimensions, it is very difficult to apply
an electric field in a defined way and there is no possibility to measure the electric field.
In the present experiments this task was accomplished in a STM setup, which allows to
apply the required electric fields at the sample surface in the tunneling gap.

In such a configuration, the electric field is specified by the bias voltage applied between
STM tip and sample surface and the separation of those electrodes (tunneling gap width).
The gap width in STM experiments carried out in constant current mode is controlled by
the tunneling current setpoint and the tunneling contact cross section, which is determined
by the STM tip apex radius (see section 4.3). The STM tip apex radius varies from STM
tip to STM tip and therefore from experiment to experiment at the solid / liquid interface.
Normally, this is an unwanted effect — here, it is exploited in order to realise a variety of
gap widths, which would be difficult to achieve with other methods.

In the present experiments the actual STM tip radius is determined in each STM
image from the widths of n—Si(111) step edges on our n—Si(111):H samples following
the results presented in section 4.3. The in—situ determination of the STM tip apex radii

is a great advantage and increases the reliability of the results.

In this section of the present thesis the effects of electric fields on Co electrodeposition
onto n—Si(111):H are studied in detail. It is found that the overpotential required for
Co electrodeposition breaks down when a critical electric field is applied. Regarding the
terminating H-Si bond at n—Si(111):H surfaces, which is known to inhibit reactions of
Co with n—Si (111):H, this suggests, that a particular polarisation is required to allow for
Co electrodeposition onto n—Si (111):H.

The inhibition of Co electrodeposition by the H-termination on the one hand, and the
localisation of an electric field to the area of the tunneling gap and the corresponding

local breakdown of the required overpotential for Co electrodeposition on the other hand,

8Results presented in this section have been published in [iii, v]|
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allow for an electrochemical “writing” process of Co onto n—Si (111):H surfaces by moving
the STM tip across the surface at appropriate experimental conditions. We exploit this
electrochemical “writing” process in this paper to investigate the influence of electric field

on the electrodeposition of Co in more detail.

The n—Si(111):H samples were inserted into a 0.1 M HySOy electrolyte under potential
control at Eywg = —280mV after dissolved oxygen had been removed from the electrolyte
by purging it with Ar 5.0 gas. The gold tip mounted to the STM scanner was inserted
into the electrolyte at a potential Eyp, = +520mV. Before CoSO4 was added to the
electrolyte, the working electrode potential was set to Ewg = —20mV, far more positive
than the Nernst potential of a 10 mM Co / Co** solution Eoco/002+ = —340mV and slightly
more positive of the flatband potential of our n—Si(111):H samples Epg = —53mV as
determined in subsection 4.2.2. At those conditions the n—Si(111):H surface was imaged
to assure its quality. After CoSO4 was added to achieve a 10 mM Co?*t concentration in
the electrolyte, a STM scan of the surface was made to check for any contamination of the
n—Si(111):H surface eventually introduced during adding the CoSO, and to again verify
its quality. All experiments were performed in the dark, in order to avoid photoinduced

electrochemical processes.

The STM was operated in constant current mode for the experiments.

Before the influence of electric fields on Co electrodeposition was investigated, as a
reference, the Co electrodeposition onto n—Si (111):H was characterised by cyclic voltam-
metry, without an additional field applied to the n—Si(111):H surface. The initial scan of
the electrode potential Ewg of a n—Si(111):H sample in contact with 0.1 M H5SO4 con-
taining 10 mM Co?* is shown in Figure 4.30. There is a steep increase in cathodic current
density observed in the down-scan for Ewg < —590mV. Upon initial electrodeposition of
Co onto the bare n—Si (111):H surface, the deposition overpotential breaks down and the
current density curve in the subsequent upward scan of Ewg is shifted to more positive

potential values Ewg.

In the upward scan of Ewg only a small peak in current density positive of
Ewg = —250mV is observed in the logarithmic representation of the cyclic voltammo-
gram in Figure4.30. In view of the large amount of charge transferred in the downward
scan of Ewg in comparison to the small amount of charge associated with this peak,
the electrodeposition of Co onto n—Si(111):H can be considered basically irreversible, in
accordance with previous reports of such charge mismatch in the Co electrodeposition
and -dissolution branch in cyclic voltammetry experiments [452-454]. The inhibition of
electrochemical Co dissolution upon Co electrodeposition can be explained by the forma-

tion of Co-silicide, a process which has been widely studied at bare and H-terminated
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Figure 4.30: Current—potential curve of the initial down scan of a n—Si(111):H working
electrode in 0.1 M HySO, (grey curves) and in 0.1 M H5SO4 containing 10 mM CoSO,4 on
a linear (left axis) and logarithmic (right axis) scale. The current density in the Co®" free
electrolyte is due to hydrogen evolution at the n—Si(111):H surface. An overpotential
n~250mV with respect to EX_ / Co2+ (dashed vertical line) is required to initiate Co
electrodeposition. The different slopes of in the logarithmic plot (115mV, 85 mV and
30mV per decade of current variation) indicate hydrogen evolution on n—Si(111):H in
a Co?t free electrolyte, Co electrodeposition and hydrogen evolution in parallel to Co
electrodeposition, respectively. Potentials are quoted with respect to the SHE reference
electrode.

silicon surfaces [329,455-467|, but whose investigation has not been goal of this study.
The simultaneous formation of a Schottky barrier at the Si / Co interface cannot account
for the observed inhibition of Co dissolution, because the reverse current at room tem-
perature leaking through a Co /n—Si Schottky barrier with approximately (600—700) mV
barrier height [468,469|, according to the thermionic emission model [205,433], is orders
of magnitude larger than the currents in our experiments and, thus, are no limitation for
an eventual Co dissolution process.

The Tafel-plot of the black curve in the lower part of Figure 4.30 suggests two differ-
ent chemical reactions with the different slopes in j(Ewg) (light grey lines in Figure 4.30
with 30mV and 85mV per decade of current density). To determine the origin of these
different slopes, at first the contribution of the hydrogen evolution reaction (dark grey

curve) at the bare n—Si(111):H surface is subtracted from the black curve, supposing that
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hydrogen evolution reaction on and Co electrodeposition onto the bare n—Si(111):H sur-
face are independent processes. The hydrogen evolution curve (grey curve) was recorded
using the same sample as for recording the Co electrodeposition (black curve), but before
CoS0O, was added to the electrolyte. The result of the substraction is shown in Fig-
ure 4.31 as light grey curve, which corresponds to the current due to the presence of Co?™
in the electrolyte. From the light grey curve in Figure4.31 now the onset of Co elec-
trodeposition can be determined to Eywwg ~ —590mV, corresponding to an overpotential
n = Ewg — E%O/C02+ ~ —250mV. Since Co is know to catalyse hydrogen evolution [470],
there may be a contribution from hydrogen evolution also included. However, there need
to be Co nuclei on the surface also in this case. At Ewg ~ —675mV the slope in the
current density related to Co (black and light grey curve in Figure4.31) changes. This
may indicate progressive nucleation of Co on the n—Si(111):H surface, after, at more
positive potentials Ewg, a seed layer of Co was electrodeposited. Also the upward scan
of Ewg indicates such a nucleation behaviour, due to its hysteretic behaviour with a sub-
stantially increased current density in the upward scan. The slopes of 30 mV per decade
of current density and 85 mV per decade of current density may therefore be attributed

to Co electrodeposition and hydrogen evolution in parallel to Co electrodeposition.
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Figure 4.31: Detail of Figure4.30: Current—potential curves on a logarithmic scale rep-
resenting hydrogen evolution on n—Si(111):H in a Co?" free electrolyte (grey curve),
Co electrodeposition onto n—Si(111):H (black curve) and Co electrodeposition onto n—
Si(111):H after substraction of the contribution due to hydrogen evolution on the bare
n—Si(111):H surface (light grey curve). Potentials are quoted with respect to the SHE
reference electrode

Both reactions (hydrogen evolution and Co electrodeposition) require a substantial
overpotential at the n—Si(111):H surface. From the dark grey curve in Figure4.31 the
onset of hydrogen evolution on the bare n—Si(111):H surface is determined at the same
Ewg value as the onset of Co electrodeposition. Since the onset of both reactions coincides

at Ewg ~ —590mV, it seems to be likely, that at this potential the activation barrier
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inhibiting the reactions is vanishing. Origin for this inhibition it the H-termination of the
n—Si(111):H surface. Its polarisation at the n—Si(111):H /electrolyte interface weakens
the H-Sibonds at the n—Si(111):H surface, which is sufficient at Ewg ~ —590mV to
overcome the activation barrier and to allow for hydrogen evolution and, in the presence
of Co?*, Co electrodeposition.

These results are in line with findings of a weak interaction of metals with H-terminated
Si surfaces, which is well known for electrochemical environment [37,38,190,197,311,428]|
as well as for surfaces in vacuum [329,471-473]. The proposed mechanism seems a rea-
sonable explanation for the overpotential required for Co electrodeposition, which has

already been reported previously [452-454|, although its origin remained unclear.

An electrochemical nanostructuring routine making use of the stimulation of Co elec-
trodeposition by an electric field at the n—Si(111):H surface was used as a probe for
investigating the detailed relation between electric field and electric field induced Co elec-
trodeposition.

Nanostructures created by the routine were imaged by the STM in constant cur-
rent mode. During STM imaging of the n—Si(111):H surface, the potential of the
n—Si(111):H substrates was set to Eip > E%O/COQ+, i.e. in a potential range positive of

the Co / Co*™ Nernst potential, where Co is not electrodeposited onto n—Si (111):H. The
‘Eip
Upias = E{ip — Eyg- Co is not electrodeposited at Elyp > E2 / coz+» and, neither is elec-
trodeposited Co dissolved from the n—Si(111):H electrode surface at Eiyp > E%o/002+

STM tip potential during imaging was set to E{; > E{yg, which results in a bias voltage

(see Figure4.30). This effect is exploited for imaging the Co nanostructures by STM at

potentials positive of EY, /o2t
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Figure 4.32: Scheme illustrating the path for “writing” the nanostructure “TUM” onto
n—Si(111):H surfaces.

For the creation of nanostructures, the operation mode of the STM was altered, follow-
ing a certain procedure: At first, the x-y scanning of the STM tip across the n—Si (111):H
surface is stopped. Next, the working electrode potentials of the n—Si(111):H substrate
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Figure 4.33: STM images showing the n—Si(111):H surface before (a) and after (b)
application of the nanostructuring routine (I, =30 pA, Upjas = 700mV) on an—Si(111):H
terrace. The line scans below the STM images were taken at the position indicated by
the black horizontal line in the respective STM image.
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Figure 4.34: STM images showing the n—Si (111):H surface before (a) and after (b) appli-
cation of the nanostructuring routine (I, =30pA, Upas =600mV). The nanostructure
has been created across a n—Si(111):H step edge. The line scans below the STM im-
ages were taken at the position indicated by the black horizontal line in the respective
STM image. The typical step height for n—Si(111):H surfaces of 0.31 nm can be clearly
determined.
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and the STM tip are changed simultaneously from Ei . and E{ip to EWvg and EX;;, re-
spectively, while keeping Upias = By, — Etyp = E}, — Eg constant. The potential of
the substrate is set to EWg > —590mV, i.e. in a potential range, where EWy is not nega-
tive enough to attain the required overpotential 1 of about 250 mV for Co deposition onto
n—Si(111):H (Figure 4.30). Now the STM tip is moved along a predefined x-y path across
the surface. At the end of the path the working electrode potentials are reset to E{yy and
El,
nanostructuring of the surface was successful now was determined from the observation

Finally, the x-y scanning motion is continued in the usual manner. Whether the

of the programmed pattern on the n—Si(111):H surface.

A modification of the n—Si(111):H surface by the electrochemical nanostructuring
procedure was only observed using a Co®" containing electrolyte. The n—Si(111):H sur-
face was not altered when using the very same experimental parameters and conditions
in a Co?* free electrolyte. Therefore, the nanostructuring of n—Si (111):H surfaces in our
experiments can be attributed to local Co electrodeposition, rather than to tip—sample

interactions as, e.g., scratching the surface or tip material transfer to the surface.

Figure 4.35: Enlarged detail of Figure 4.34 illustrating the deflection of the electrochem-
ically grown Co line from the vertical path of the STM tip due to the influence of the
upper protrusion on the electric field distribution in the tunneling gap. The dotted line is a
guide to the eye. This feature demonstrates also the lateral length scale of the tip—sample
interaction of approximately 20 nm.
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Results of the nanostructuring routine are shown in Figure 4.33 and Figure 4.34, where
as an example pattern (see Figure 4.32) the logo “TUM” for Technische Universitit Miinchen
was “written” onto the n—Si (111):H surface. Since Ijyne is kept constant by the STM
feedback loop during the nanostructuring procedure, “writing” across step edges of the
n—Si(111):H surface is possible, regardless of the actual n—Si(111):H surface topography
(Figure 4.34). The structures appear (5—8)nm in width, about (0.2—0.3) nm in height,
and indicate a sufficient electric field for a modification of the n—Si(111):H surface by

localised electrodeposition (“writing”) in the experiment.
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Figure 4.36: Successful nanostructuring was only achieved for tip apex radii below a
critical radius (filled circles), while larger tip apex radii were not suitable (empty cir-
cles). The STM tip apex radii determine tunneling gap width and the electric field at the
n—Si(111):H surface and, thus, whether nanostructures can be created on n—Si(111):H
surfaces. The critical tip apex radius allowing for nanostructuring increases with increas-
ing bias voltage. The tip radii were determined from the apparent n—Si (111):H step edge
width in STM images (shown as a second abscissa) according to the relation shown in
Figure4.37.

In these experiments, several indications towards an electric field effect are observed:
The upper part of the vertical line of “T” in “TUM?” is deflected from the vertical direc-
tion towards the protrusion at the upper n—Si(111):H step edge, as shown in detail in
Figure4.35. This deflection occurs on top of the n—Si(111):H terrace, is independent of
the lower n—Si (111):H step edge, and is caused by the change in the electric field distri-
bution underneath the STM tip due to the protrusion at the upper step edge. Second,

sometimes double lines are found, as can be seen for example in Figure4.34 (letter “M”),
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well separated by a few nm, although the STM image does not show any indication for a
double tip. Nevertheless, this feature may be caused by a second protrusion on the STM
tip further away from the sample surface than the main tip. While its contribution to the
tunneling current vanishes during imaging due to the exponential dependence of I, On
z, it represents a second source for high electric field during “writing”, since the electric

field E(z) directly underneath a protrusion or the main tip apex varies with z!.
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Figure 4.37: Calculated tip radii ry;, for experimentally determined apparent step edge
widths.

“Writing” could not be achieved with every STM tip. When a “blunt” STM tip has
been replaced in-situ by a “sharp” one, and the remaining experimental parameters and
sample left unchanged (which is possible with the electrochemical cell used), subsequently
“writing” could be achieved. When a “blunt” tip was used, which did not allow for “writing”
at Upjas =600mV, and subsequently Uy,.s increased to 700 mV, “writing” could also be
achieved. When a “blunt” tip was used, which did not allow for “writing” at a certain
Upias, and subsequently Uy;,s was increased, “writing” could also be achieved.

From the evaluation of many experiments at bias voltages of Upjs =500mV,
Upias = 600 mV, and Upi,s = 700 mV a correlation of the “quality” (in terms of resolution) of
STM images and “writing” onto n—Si (111):H surfaces is found: “writing” is solely possible
at experimental conditions, where the measured width of the n—Si (111):H step edges, as
shown by the line scan in Figure4.34, is smaller than 5nm in the case of Up;,s =500mV,
8nm in the case of Ups =600 mV, and 19 nm in the case of Upjs = 700mV (Figure 4.36).
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“Writing” onto n—Si (111):H requires a STM tip with a particular apex radius ry;, depend-
ing on the bias voltage Up;as. A sharp transition from the “writing” (filled circles) to the
“writing not possible” (empty circles) regime in observed in Figure 4.36.

Employing the results from section4.3, the apparent width of a step edge on a
n—Si(111):H surface in a STM image can be related to the apex radius of the tip used for
acquiring a STM image, as illustrated in Figure4.37. For convenience, this information
is also included as a second abscissa in Figure 4.36.

The STM tip apex radius determines the electric field distribution at the n—Si (111):H
surface on the one hand by its geometry, and on the other hand by its influence on the
effective tunneling contact cross section, which in turn, in STM experiments carried out at
constant current conditions affects the tunneling contact gap width (see section 4.3). Con-
sidering these aspects, a calculation of the electric field distribution at the n—Si(111):H
surface for the “critical” tip apex radii ry, determined in Figure4.36 at the respective
bias voltage Uyi,s was performed using the simulation program SIMION 8.1 [474] and the

tunneling contact geometry applied in section 4.3.
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Figure 4.38: Simulation of radial electric field distributions for Uy = 500mV,
Ubias = 600mV, and Upjas = 700mV at the respective critical tip apex radii ryj, = 15 nm,
Iyip = 40nm and 14, = 215 nm, as determined from Figure4.36

In Figure 4.38 the electric field distributions at the n—Si (111):H surface for the critical
STM tip radii ry;;, and the corresponding bias voltages Uy;as, as determined in Figure 4.36,
are shown. The electric field distributions E(r) almost coincide at r—0 (STM tip axis)
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for Upias =600mV (0.62V/nm) and Up,s =700mV (0.64V/nm). For Ups =500mV a
maximum in electric field of 0.57V/nm is obtained, deviating slightly from the values
determined for the other bias voltages.

The variation of the tunneling gap width with Up.s due to Iiupnel X Upias Was not
explicitly included in the calculations. However, taking this effect into account, the maxi-
mum field at Uy, =500 mV increases and the maximum field at Uy, = 700 mV decreases
by approximately 3%, choosing Uy;.s = 600mV as reference. As a consequence, the max-
imum field values coincide almost perfectly: 0.6 V/nm at Upjs =500mV and 0.62V/nm
at Upjas = 600mV and Uy = 700 mV, respectively.
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Figure 4.39: Simulation of the radial distribution of the electric field at the n—Si (111):H
surface for various tip radii ry, by SIMION 8.1. The STM tip axis is at r = 0. The inset
shows the curves on a magnified radial scale. The grey shade indicates the range, where
the critical field Epiticar 1S exceeded.
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A significant variation of the structure width with the tip apex radius is not ob-
served. This is illustrated in Figure 4.39 by the simulation of the field distribution at the
n—Si(111):H surface for different tip radii and a bias voltage Upj.s —600mV. As can be
seen from the inset in Figure4.39, the radial range where the curves for ry, =40 nm and
ryip = o nm exceed the critical electric field Ecyitical = 0.62 V/nm is nearly identical. Sup-
posed there is an uncertainty in Ecica;, variations in the structure width are expected
to be of the order of 1 nm, which is below the finite resolution, which can be achieved in

STM experiments.
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Figure 4.40: Renormalised electric field distributions at the n—Si(111):H surface for
three bias voltages (Upis=500mV, Upjs =600mV, Upjas =700mV) at the correspond-
ing critical tip radii ryp. Ratios of (Upis =600 mV) : (Upias = 700mV) (filled stars) and
(Upjas =500mV) : (Upias = 700mV) (open stars) illustrate the relative radial decrease in
electric field at the n—Si(111):H surface.

The critical field allowing for localised electrodeposition and the relation of its distri-
bution to the observed nanostructure size is analysed from Figure 4.40. This figure shows
the field distributions for Up,s =500mV (grey filled circles), Upis =600mV (grey filled
squares), and Upi,s = 700mV (grey filled triangles) renormalised to their respective value
at r=0. From Figure4.40 it becomes obvious, that the smaller the bias voltages, the
steeper the decrease in electric field with radial distance from the STM tip axis (r = 0).
This is easily explained by the fact, that with decreasing Uy;,s also the corresponding
critical STM tip radius decreases (Figure 4.36). According to Figure4.40, the Co width
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of nanostructures obtained at different bias voltages (and correspondingly with different
tip radius) should differ by up to a factor of three. Considering, that these critical tip
apex radii represent the largest tip radii suitable for the creation of nanostructures at this
particular bias voltage (Figure 4.36), a even larger difference in structure width should be
observed. However, these differences cannot be observed experimentally, since even they
are too small for a reasonably detailed imaging by the limited resolution of STM, which
causes structures a few nanometer in size to appear of larger size in STM images (see

section 4.3).

Summarising the analysis of Figure 4.36, Figure 4.38, and Figure 4.40, an electric field
at the n—Si (111):H surface of approximately 0.6 V/nm allows for localised Co electrode-
position. In general, electric fields of the order of (0.1-1) V/nm are known to polarise
H-Si bonds [475-478], resulting in a modification of their chemical characteristics and
lowering the H—Si dissociation energy [479-482|, which favours Co electrodeposition by
lowering the corresponding activation barrier. This effect is consistent with the deposi-
tion overpotential 7 (Figure4.30), which corresponds also to an effective polarisation of
H—Si bonds, required to initiate Co electrodeposition onto n—Si (111):H. The (localised)
application of an electric field makes Co electrodeposition accessible in a potential range,

where electrodeposition is not observed in “conventional” electrodeposition experiments.

The mechanism behind the electric field induced Co electrodeposition is different from
the electron injection based H-desorption mechanisms via inelastic scattering or multiple
vibrational excitations in UHV [378,473,483-487|. While in those experiments bonds are
broken by electrons of several eV in energy, the bias voltages in the present experiments
ranging from 500mV to 700 mV are not sufficient for such processes. In addition, the
polarity of Uy (tip positive of sample) in the present experiments does not allow for

electron injection into the sample.

In the hitherto part of this section the electric field allowing electric field induced Co
electrodeposition has been determined. The following part of the paper addresses the

electrochemical aspects of this electrodeposition process.

Localised Co electrodeposition onto the n—Si (111):H surfaces by the nanostructuring
routine is achieved, as soon as the critical field at the n—Si(111):H surface is exceeded.
The nanostructuring routine was used to electrodeposit Co onto n—Si (111):H at different
potentials E%E and bias voltages Uy;,s. Each filled circle in Figure 4.41 represents a value
of EWg at corresponding Uy, where Co was electrodeposited onto n—Si (111):H by the
nanostructuring routine. In the potential range positive of these measurements, indicated
by open bars in Figure4.41, no Co electrodeposition can be achieved by applying the
nanostructuring routine. The black bars in Figure 4.41 indicate the potential range, where
bulk electrodeposition at the position of the STM tip destroyed the STM tip during the
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nanostructuring routine.

T T T
no deposition
at tip position
200} eTE,=+310mV i
o
o>
b "
S g T E,.=+310mV
ip
0 ¢ ’

o B2 1 N
ColCo ol ‘ E o E;’::+330mv
-400 || §~E,p=t1l0mv 8|S o i

' N [ >
< N ° I
° [ Hi=)
e | 1 E:iA;:+110mV P
N—r
> g bulk deposition o
at tip position E__ Elv‘"'):+130mV
-600 [ s
delocalised bulk deposition onto sample surface
1 1 1
500 600 700
Bias (mV)

Figure 4.41: Working electrode potentials E\y (filled circles) for successful field induced
electrodeposition different bias voltages (Upjas = 500 mV, Upjas = 600 mV, Upjas = 700 mV).
Open bars indicate the potential ranges, where no field induced electrodeposition could be
achieved, filled bars indicate the potential range of bulk electrodeposition at the position
of the STM tip. The grey shaded area indicates bulk electrodeposition onto the sample
surface. Potentials are quoted with respect to the SHE reference electrode.

These three regimes shift to more negative potentials Ewg with increasing bias voltage.
In all of the experiments the electric field at the n—Si (111):H surface exceeds the critical
field: a STM tip which did allow for localised electrodeposition in a first experiment,
did not achieve localised electrodeposition in the regime of the open bars, but in a third
experiment in the regime of the filled circles it succeed doing so. The effect shifting the
regimes is not related to the electric field, but of electrochemical nature.

A positive STM tip repels positive metal ions, which results in a reduction of the metal
ion concentration next to the STM tip and due to the resulting metal ion depletion is not
sufficient anymore to allow for metal electrodeposition 33,190,311, 354,363,436,437|.

It can be concluded, that the potential of the positive STM tip determines the Co?*
concentration in its periphery and, thus, the three regimes in Figure 4.41 can be attributed
tip ~ +110mV (bulk

electrodeposition at tip position), a medium Co?* concentration while the potential of the

to a high Co?* concentration while the potential of the tip set EY.

tip set 4310 Z EYY, £ +110mV (nanostructuring regime), and a low Co** concentration

while the potential of the tip set EXXO 2, +310mV (no deposition at tip position). A
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schematic illustrating respective potential ranges for EW, and Eth, in the 200mV wide
potential window of the nanostructuring regime at the different bias voltages is shown
in Figure4.42. Experiments performed at a bias voltage of U,y = 800mV confirm the
tendency of the above measurements. However, in these experiments the regime of low
Co*" concentration extended down to Ewg = —590mV and the regimes of medium and

high Co?* concentration did coincide with the bulk electrodeposition of Co.
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Figure 4.42: Schematic illustrating the shift of the E\ potential range windows for suc-
cessful application of the nanostructuring routine with Uy;,s. The corresponding potential
range of Eyp, is independent of Upjs.

Finally, it becomes obvious from Figure 4.41, that electric field induced Co electrode-
position is achieved at n—Si(111):H working electrode potentials positive of the onset of
bulk Co electrodeposition as determined in Figure 4.30, i.e. positive of Eywg=-590mV.
The electric field at the n—Si(111):H surface locally cancels the inhibition of electrode-
position by polarising the H—Si bonds, which is otherwise achieved by a polarisation
of the solid /liquid interface at potentials negative of Ewr=-590mV. It is even more
remarkable, however, that electric field induced Co electrodeposition is accomplished at
EWg > E2, oozt Such an effect is usually expected only for strongly interacting sys-
tems in electrochemical metal on metal deposition experiments [24,111,488-491|, whereas
n—Si (111):H surfaces only interact weakly with metal ions [37,38,190,197,311,428|. This
finding of electric field induced metal deposition at potentials positive of the E%o J Co+
Nernst potential indicates a substantial change in the properties of the n—Si(111):H sur-

face by an electric field, which has not been easily foreseen.

Conclusions
The influence of an electric field in a STM tunneling contact on Co electrodeposition
onto n—Si (111):H surfaces has been investigated. The electric field distribution at the

n—Si(111):H surface has been determined from simulations of the STM tunneling con-
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tact including as parameters bias voltage as well as tip apex radius and gap width as-
derived from STM images recorded at the solid / liquid interface. Above an electric field
of 0.6 V/nm at the n—Si(111):H surface (localised) Co electrodeposition at the lateral
position of the STM tip is observed in a potential range, where without this applied elec-
tric field Co electrodeposition is inhibited. This effect is explained by a modification of
the H—Si bonds at the n—Si(111):H surface by the electric field in the tunneling gap,
which lowers the activation barrier for the reaction of Co and the surface. This under-
lying mechanism is consistent with the observation of overpotentials in electrodeposition
experiments of Co onto n—Si(111):H, which corresponds, likewise, to a polarisation of
the solid /liquid interface. The application of an electric field even allows for (localised)
electrodeposition at n—Si(111):H electrode potentials positive of the Co / Co** Nernset
potential, thus significantly changing the properties of the otherwise weakly interacting
n—Si(111):H electrode. Besides the enhancing effect of the electric field on Co electrode-
position, the electrostatic interaction of a positive STM tip and the Co?* ions is found to
retard Co electrodeposition, shifting it to more negative electrode potentials, or inhibit it
at all. The present investigations show, that nanoscale electrodeposition at n—Si (111):H
surfaces is significantly altered by electric field and electrostatic effects. Those effects are
expected not to be limited to particularly n—Si(111):H surfaces, but also to be applicable
to other solid /liquid interfaces. They may allow tuning electrodeposition processes at

the nanoscale and in particular be useful tools in view of electrochemical nanostructuring.



Chapter 5
Summary and Outlook

H-terminated n—Si(111) surfaces (n—Si(111):H) in contact with an aqueous electrolyte
(deaerated 0.1 M HySO4) have been investigated by scanning tunneling microscopy (STM),
impedance measurements and cyclic voltammetry in view of charge transfer processes at
the solid /liquid interface, focussing on processes involving small amounts of charge.

Impedance measurements have shown, that the electronic structure at the n—Si (111):H
surface is very complex. Hydrogen interdiffused up to several hundred nanometer into the
n—Si (111):H subsurface region introduces electronically active states above midgap in the
n-Si(111):H band gap, which were identified at Eg = Ec +324mV, Eig =Eq +407mV,
and E3q =Ec +510mV. The states participate in charge transfer processes in a potential
range, where the n—Si (111):H surface is depleted of conduction band electrons. The den-
sity of these states is of the order of (104 — 10'%) cm™3, comparable to the doping density
(Np ~ 10" cm™3) of the n—Si (111):H samples. Consequently, a significant deviation of
the effective doping level in the n—Si(111):H subsurface region may be expected. These
aspects may be of particular importance in charge transfer processes at the nanoscale,
where only small amounts of charge participate.

The hydrogen related states allow for the electrodeposition of Cu in a potential range
positive of the flatband potential, where the n—Si (111):H surface is depleted of electrons
and, thus, no charge transfer is expected. In this situation the states mediate the charge
transfer, since their density is orders of magnitude larger than the electron concentra-
tion in the space charge region at the n—Si(111):H surface. On the electron depleted
n—Si(111):H surfaces nucleation / growth and dissolution of Cu clusters depending on
the actual electrode potential was observed. At each electrode potential in this poten-
tial range the Cu clusters appear to be in an electrochemical equilibrium with the Cu?*
solution.

In the investigations on electrochemical charge transfer processes at the nanoscale, the
influence of the radius of a spherical tip apex on the achievable resolution in STM exper-

iments was considered. Calculations taking into account the three-dimensional geometry
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and the exponential current—distance dependence of a tunneling contact in a scanning
tunneling microscope point out, that, when using STM tips of finite radii, nanoscale
structures and, in particular, nanoscale clusters of some atomic layers in height appear
broadened and eventually reduced in height in STM images in comparison to their ac-
tual size. These effects increase nonlinearly with increasing tip radius. Maintaining the
error in the apparent size of nanoscale structure in STM images in comparison to their
actual cluster size below 50% requires STM tips having radii of approximately the actual
structure size. Exploiting the results from the calculations allows to determine the radii
of tips in scanning tunneling experiments from n—Si(111):H step edges by comparing

experimentally determined and calculated scan line profiles of the structures.

An electric field generated by a well characterised STM tunneling contact at the
n—Si(111):H surface was found to locally promote the electrodeposition of Co, if the
field exceeded approximately 0.6 V/nm. Electrodeposition was observed in a potential
range, where without applied electric field no Co is electrodeposited. The effect was at-
tributed to a modification of H—Si bonds at the n—Si (111):H surface by the field, similar
to the polarisation of the solid /liquid interface by an overpotential in electrodeposition
experiments. A positive STM tip was found to shift the localised field induced Co elec-
trodeposition to more negative n—Si(111):H working electrode potentials. The localised
electrodeposition underneath the STM tip in tunneling contact with the n—Si(111):H
surface has been used for creating complex nanoscale structures on the n—Si (111):H sur-

face by moving the STM tip in tunneling contact over the surface along an arbitrary path.

The results of this illustrate the complexity of electrochemical charge transfer at the
nanoscale. The participation of the electronically active states in n—Si(111):H in charge
transfer processes at the solid /liquid interface as, e.g., electrodeposition processes of
metals, points out the relevance of (electronically) well characterised electrodes for a

meaningful interpretation of experimental results.

The observed equilibrium of Cu clusters on the n—Si(111):H surface and the Cu*"
solution may find some interesting applications in the generation of large arrays of small
metal clusters, which can be used in studies of catalytic properties of materials or as a
basis for sensor devices. The potential dependent cluster size may help tuning of these
systems. Other metals or metal / electrolyte combinations following the observed deposi-
tion / dissolution behaviour would open a large playground for further research on cluster

covered, i.e. surface enlarged systems.

Such systems can be also generated using field induced localised electrodeposition
(electrochemical “writing”). This mechanism has been shown to be suitable for gener-
ating complex structures on surfaces in a continuous process, which is an advance in

comparison to previous techniques generating discrete low dimensional systems or uni-



111

formly distributed cluster arrays. In particular, it may be used for generating nanometer
sized wires on n—Si(111):H surfaces. The mechanism based on a modification of the
H-termination at the n—Si(111):H surface should not be limited exclusively to the usage
of metals, but also work in combination with (organic) molecules. This would offer a pos-
sibility to selectively decorate n—Si(111):H surfaces with, e.g, functionalised or tailored
molecules, while the remaining surface is still H-terminated. Further on, the influence of
the terminating species on the creation of nanostructures should be investigated, e.g. by
using halogenide terminated n—Si (111) surfaces. Eventually, the “writing” process could
also be used to modify non-Si surfaces terminated by hydrogen (e.g. hydrogen terminated
diamond) or other species to generate “active” patterns on those surfaces.

Considering these prospects and the results of the present thesis, future research on
the “well known” n—=Si (111):H surfaces in contact with an electrolyte or similar contacts
will without much doubt reveal further unexpected phenomena, but also contribute to a

more detailed understanding of solid / liquid interfaces.
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