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ABSTRACT
A novel approach to sol-gel thin film fabrication has been developed which leads
to the production of ultrathin ~2 nm to 100 nm thick silica and conductively-doped silica
films on metal and semiconductor substrates. The research described herein focuses on
the development, characterization and potential application of these thin films in current
technology.
These ultrathin films were fabricated by a sol-gel procedure, which utilized highly
diluted silica precursor compounds. The [H20];[Si] ratio ranged from 50 to 1000, far
above the typical values (4-10) used in sol-gel film preparation. This dilution leads to
highly densified silica when spin-cast onto an appropriately compatible surface. The
surface examined included Si(l 11)/Si02; ITO; and 3-(mercaptopropyl)trimethoxysilane
(3MPT) modified Au and Ag. These surfaces must act as wetting control agents for the
sol-gel precursor, while simultaneously providing adhesion to the nm sized sol-gel
aggregates.
The 3MPT-Ag monolayer was examined in detail by Tl, Pb and Cd underpotential
deposition electrochemistry, to understand the interfacial structure of the molecule.
These results show that the 3MPT monolayer is very stable to outside influences (i.e. Tl
and Pb reversibly deposit monolayers at the metal surface). The UPD of metal ions is
highly size dependent with Tl depositing with fewer kinetic limitations than Pb and Cd
not depositing at all. Raman spectral characterization shows that 3MPT undergoes some
reversible rearrangement during the UPD process.

The electronic properties of the pure silica films were examined in great detail.
The results suggested that in solution, a solvated gel layer at the film-solution interface
gives rise to an anomalously low capacitance <100 pF/cm^, which has no comparison in
the current literature. In the dry state, these silica films have a dielectric constant of
£ = 3.5, which is close to that of thermally-grown silica on silicon (3.9).
These films were doped with l,r-bistriethoxysilylferrocene, an
electrochemically-active sol-gel material. The results suggest that under the proper
precursor solution conditions, thin (<10 nm), uniform films can be fabricated. By simply
adjusting the ratio of the ferrocene moiety in solution, the film composition can be
adjusted. XPS verifies that the atom ratio in solution is near to the observed atom ratio in
the films, with some indication of surface segregation of the ferrocene moiety.
Electrochemical analysis of these films suggests that electron hopping between the
ferrocene centers drives the electrochemical response only when there are pinhole
defects, to support counterion conduction to the surface.
Finally, the surfaces were patterned by microcontact printing and scanning probe
lithography (SPL). These experiments suggest that these films can easily be patterned
from the microscale to the nanoscale, with the smallest features approaching ~20 nm in
width. The channels dug by SPL were further used for electropolymerization of 3,4diethoxythiophene, suggesting that these features could be developed into working
electronic or optoelectronic devices.
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CHAPTER 1

INTRODUCTION

Richard Feynman introduced the concept of nanotechnology in a now famous
lecture entitled, "There's Plenty of Room at the Bottom."''^ In this visionary 1959 lecture
Dr. Feynman focuses on utilizing the electron microscope first developed by Max Knoll
and Ernst Ruska in 1931 as a means to manipulate matter on the nanoscale.^'^ Feynman's
assertion was that as the tools for nanoscale science were developed, our ability to
fabricate and control material on the nanoscale will improve. Indeed instrumental
developments within the last 20 years have had profound impacts on our ability to
manipulate matter on the nanoscale. Then, the concepts that Feynman introduced seemed
more like science fiction, mere wistful speculation than real hard science. Forty years
later, not only do Feynman's ideas seem plausible as "thought experiments", but they are
becoming common practice in many laboratories around the world. In the United States
alone the funding for nano-scale science is exploding primarily through the U.S.
government supported, multiagency National Nanotechnology Initiative (NNI)
introduced in 2000.'^ Even in the current stagnant world economy, NNI funding is
increasing exponentially, up 9.5% from $774 million in 2003 to a proposed $847 million
in 2004, while the total funding outside the United States increased from $316 million in
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1997 to about $835 million in 2001.This dramatic fiinding increase over the last
few years shows clearly that the future of modem science is currently focused on the
minute.
Although the field of nanotechnology is sometimes confused by the everchanging terminology, under the guidelines set by the NNI, nanotechnology is as
described by Mihail C. Roco, current chair of the nanotechnology sector of the NSF:
"Nanotech— deals with materials and systems having these key
properties: they have at least one dimension of about one to 100
nanometers, they are designed through processes that exhibit fundamental
control over the physical and chemical attributes of molecular-scale
structures, and they can be combined to form larger structures."'^''
This Dissertation deals with aspects of nanotechnology through the constructive
deposition of ultrathin sol-gel films ~2 to -1000 nm based on silica and subsequent
patterning of features approaching 20 nm, giving this research nanoscale operators in
three dimensions. Additionally, through the use of the specialized sol-gel chemistry, the
physico-chemical properties of these films can be modified by incorporation of functional
centers, which further extend the applications of the "nanotechnology" introduced here.
The first widely commercial sector to fully embrace this nanotechnology was the
semiconductor industry. Early in the development of transistor-based integrated circuits
it was understood that the more transistor elements that one could place in a
microprocessor, the faster that device can operate. The gate dielectric thickness, the most
influential production-based nanoscopic component, first broke the 100 nm size limit in
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the early 1970s.^'^'''^ Although long the staple of integrated circuit manufacture, the SiSi02 interface is rapidly reaching its fundamental limit, a gate oxide thickness of-1-1.5
nm}'^ This approaching limit is spurring intense research for the development of new
materials with higher dielectric constants, which will allow for thicker gate dielectrics to
be used in integrated circuit manufacture.'

Although of ubiquitous importance in the

current computer age, the gate dielectric is but a small example of the growing
importance of nanotechnology in modem society.

Surfaces and molecular adheslves. To constructively fabricate nanoscale materials the
surface architecture must be rigorously defined. Inconsistencies in material compatibility
often lead to the generation of defects in these nanoscopically-defined surfaces. Much
recent research has been performed toward the fabrication of "glues" which are no larger
than single molecules.^'^ Several different molecular functionalities, such as epoxides,''^"
metal ion coordination coupled with carboxy monolayers,'

vinyl,'''^"'''' and

silicon alkoxides^'^^"''^^ have been incorporated into these adhesive layers. Regardless of
the functional groups employed, these "molecular adhesives" serve to bind two nonsimilar materials together without significantly adding to the bulk of either interface. All
of these systems have two main features. The first is a surface functional group, which
allows the formation of self-assembled monolayers (SAM). These SAMs are typically
used to modify oxide surfaces through chlorosilane or alkoxysilane functionalities,' '^"''^^
or metal surfaces (Au, Ag, Pt, etc.) through thiol functionalities.1' 18"1 '22 '1'27'1 32 These
monolayers are functionalized at the terminus such that a chemically-functional moiety is
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present at the SAM terminus. This allows further functionalization with additional
materials that can be incompatible with the original substrate.
An example of such a constructive adhesive fabrication of 1-dimensionally
nanoscopic materials is the utihzation of 3-(mercaptopropyl)trimethoxysiliane (3MPT) to
bind oxide materials to metals. The first such use of 3MPT reported in the literature was
to prepare Au electrode surfaces on glass substrates.'^" In this system, 3MPT was
assembled on a hydrophilic glass substrate to create a SAM with a terminal thiol group.
Au was subsequently evaporated onto the thiol substrate creating a covalent adhesion of
the Au to the glass substrate. 3MPT in this geometry has been used as a diffusion barrier
to Cu in gate dielectrics on Si02/Si substrates by presenting the thiol surface to bind
Cu.'-'^
Further work with 3MPT has been shown to be equally effective as an adhesive
layer for coupling oxide substrates onto metal surfaces^'^^'^ " For this architecture, a
SAM of 3MPT is formed on Au and the trimethoxysilane is allowed to cross-link by solgel reactions (described in the next section), then subsequent sol-gel or other oxide
compatible reactants are added to fabricate additional layers. This technique is also
useful for the fabrication of oxide-metal nanoparticle composites.In this case, Au
nanoparticles are protected by a 3MPT monolayer and the subsequent 3MPT-Au particles
are cross-linked onto an ITO surface to create multilayer films of Au nanoparticles.
3MPT has been shown to be significant as a molecular glue for many oxide-tometal systems. This Dissertation relies heavily on the interfacial chemistry of 3MPT
monolayers to constructively fabricate sol-gel silica films on metal substrates. Previous
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results in the Pemberton laboratory have investigated the interfacial structure of 3MPT in
great detail.The highlight of these studies is that the thin 3MPT layer (~1.1 nm
thick on Ag and Au) provides approximately 5% of its available Si-0 bonds as SiO-H
(silanol) groups which are fianctional for further modification. These free silanol groups
provide the perfect opportunity to participate in forther sol-gel chemistry discussed in the
next section.

Sol-gel films. Sol-gel processing refers to the synthesis of an inorganic network from the
hydrolysis and condensation of precursor compounds based on metal alkoxide
compounds such as tetramethoxysilane (Si(OCH3)4).' '^'^'' '^' The two step chemical
reaction sequence for fabrication of sol-gel silica films is shown in equation 1.1 and 1.2.

Si(0R)4 + nHjO ^ Si(0R)4-„(0H)n + nROH

1.1

(RO)3Si -OH + H0-Si (0R)3 ^ (R0)3Si -0-Si (0R)3 + H2O

1.2

The overall reaction in the case of tetramethoxysilane (TMOS) is thus,

nSi(0R)4 + 2nH20 ^ nSi02 + 4nR0H

1.3

where R = -CH3. In practical usage a sol-gel precursor consists of water, an acid or base
catalyst, and a co-solvent such as methanol or ethanol to assist in the solubilization of the
metal alkoxide, which is insoluble in purely aqueous solutions.
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The sol-gel process is an inherently nanoscale procedure due to the size scale of
most hydrolysis and condensation products. Most current research focuses on the
fabrication of mesoporous materials where the material is defined by their negative space,
rather than materials of positive construct. ^

In these mesoporous systems, sol-gel

materials are templated around an incompatible nanoscale moiety such as a micelle,
which excludes the sol-gel to its exterior. After processing, the micelle is removed by
high temperature oxidation leaving behind a pore the size and shape of the template. It is
also possible to tailor the reaction properties of the sol-gel mixture to fabricate particles
on various size scales.
Even in the absence of a modifying group, sol-gel morphology is highly
dependent on the precursor solution conditions, including the solvent, concentration of
reactive species, and pH. The solvent serves two primary purposes, first to dissolve the
metal alkoxide and second to evaporate slowly to avoid cracking of the solid product.
The concentration of the reactive species affects the mechanism for particle growth. For
instance, in dilute reactant systems such as those described in this Dissertation, the
growth mode should be diffusion-limited, which will produce more branched particles.
As the concentration of reactant is increased, the encounter frequency will increase
making the particle growth reaction-limited, thus decreasing the branching of the system.
pH has a more complicated role in the formation of sol-gel particles. In sol-gel
chemistry

or OH" catalyze hydrolysis and condensation reactions. The mechanism

imder which these reactions follow is dependent on the catalyst used and the
concentration. Thus, the pH is a very important parameter for the shape and size

distribution of condensates. There are four general pH regions in sol-gel chemistry.
Above pH 10-11 Si02 dissolves (Si-0 bonds are broken), between pH 7.5-10 large
negatively charged particles are formed, which in the absence of salt repel each other
lending to stability, between pH 4-7.5 small particles grow and drop out of solution due
to solubility limitations, and between pH 0.5-4 small, nano and mesoscale particles are
generated which due to low surface charge can aggregate to form networks or particles
usually «2 nm in diameter.'
Sol-gel methodologies are easily transferable to film preparation. Prior to gel
formation, sol mixtures are amenable to film formation. In the spin-coating process, as
the film thins and solvent evaporates the solid components (condensates of the metal
alkoxide) are deposited onto the surface. There are two key elements (among many
others) that can be adjusted to fabricate thin films. The first is to adjust the [H20]:[Si]
ratio. According to LeChatlier's Principle, increasing the amount of water with respect to
the metal (silicon in this case) will increase the rate of hydrolysis in equation 1.1. The
driving force for hydrolysis has been experimentally confirmed by Pouxviel and co
workers by ^^Si

This study showed that at [H20]:[Si] ratios greater than 10:1

tetraethoxysilane precursors were completely hydrolyzed.
The second is to adjust the total [Si] concentration of the precursor. Diluting the
Si effectively reduces in the interaction frequency of the reactive precursors, decreasing
the rate of condensation. Films from sol-gel materials can be thinned by decreasing the
total concentration of Si in the

To the author's knowledge, only two

reports have been made for fabrication on sol-gel films in the ultrathin regime (<10 nm)
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for sol-gel silica-based films without requiring chemical etching of thicker sol-gel
films.^-^^''-^^

Hybrid sol-gel films. The previous section deals with purely single-component silica
films, but the sol-gel technique is not limited to producing simple homogenous stuctures.
Because hydrolysis and condensation reactions of metal alkoxides occur under mild
conditions (often aqueous or alcoholic solutions at room temperature with only a small
amoimt of acid or base to catalyze the reaction), a large range of dopants can be added.
Doped films have a range of advantages over simple homogenous films. Several reviews
regarding the utility of doped sol-gel films have appeared in the literature in recent
years,including a special issue in the journal Chemistry of Materials. These doped
films have been used for a range of applications including nonlinear optical materials,
electrocatalysis,' "^'''''^'^"''^® biosensors,and chemical sensors,' ®^"' ™ among
others.
Sol-gel films are easily doped with materials ranging from simple inorganic ions
such as Fe(CN)6^''^", IrClg^"'^", Mo(CN)8'^"'^", Ru(NH3)6^'''^"', Ru(bpy)3^^'^^,'-''''-'^
organometallic compounds such as ferrocene derivatives,'complex enzymes and
proteins

to organically-modified bridged polysilsesquioxanes given by the general

form (RO)3Si-R'-Si(OR)3 where R = CH3 or CH2CH3 and R' can be any organic or
organometallic moiety with a property desired for the final film.''^^'''^^
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Bridged polysilsequioxanes offer several advantages over simple, physically
entrapped fianctional dopants. Because the dopant is incorporated into the bulk material,
by single-step, solution-based procedure, uniform doping can be achieved.^

A wide

range of bridging groups have been utilized to affect bulk properties of the material
including such passive properties as thermal stability, mechanical stability, refractive
index, and dielectric constant as well as active properties such as fluorescence and
1

electrochemical activity. '

^ 78 1 89

1 78 1 8"^

The dopants range from linear alkane, ' " ' alkene • ' • "

and alkyne''^^'^'^"'''^® chains, aromatic and conjugated chains (dyes)^''^'''^'"' ®® and
mettallocenes.' '^^"''^"^ The incorporated bridging groups increase the functionality of the
bulk material by combining the properties of the organic component with the stability and
structural rigidity of the silica network. Thus, materials can be easily tailored for
particular applications by simply changing the properties of the dopant components.
Extension of these materials to the ultrathin film regime (<100 nm) has been
limited. To the author's knowledge, only one other report of hybrid silica composite for
doping nanoscale sol-gel films with functional species has been p u b l i s h e d . T h i s is
primarily due to difficulties in fabricating uniform heterogeneous architectures in
severely confined spaces such as nanometer thick films. The primary advantage of such
thin films in analytical and electrocatalytic applications is that the response time can be
diminished since diffusion in thick porous layers is almost completely eliminated.'
Although one advantage, high surface area, is eliminated, for electrochemical
applications, thin films which incorporate high local concentrations of redox mediators
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still provide large analytical signals because of the concentration dependence of an
electrochemical current for continued application.''^^

Lithography. The previous sections are all concerned with uniform, bulk materials or
films, with no dependence on multi-dimensions (2D and 3D) patterning. However, the
future applicability of nearly all thin film work is heavily dependent on the ability to
fabricate micro- and nano-scale patterns of materials, both homogenous and hybrid
materials on various surfaces. Traditional photolithography is the primary method for
producing patterned surfaces, however as the scientific community progresses in the
nanotechnology age, many old techniques must be refined for higher resolution
lithography.' ®^ As the old techniques (such as photolighography) reach their limits, new
techniques are being developed to facilitate the myriad new materials, and methodologies
that are revolutionizing the thin film community.''®^'''®®
The current state of and fiature developments for lithography use by the
semiconductor industry rely on patterning photoresists with visible light (currently).''®'
These techniques will be extended to the necessary nanoscopic range by utilizing
intensive optical processing such as off-axis illumination, phase shifting masks and
optical proximity corrections. In the next 10 years, when the gate length of a FET
approaches 45 nm, optical lithographic techniques will no longer be sufficient to fabricate
structures for use in FETs. At this point, extreme ultraviolet light (EUV), or electron
beams will be necessary to achieve the necessary resolution. These techniques require
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highly specialized, expensive equipment and thus may not be accessible to many
researchers around the world.
Several alternative patterning techniques have been developed which can
circumvent many of the problems with the traditional photolithographic techniques.^

In

particular, two methods, microcontact printing (|J.Cp) and scanning probe lithography
(SPL) will be discussed in this Dissertation. These techniques are both readily available
for many limited resource researchers without ties to large production facilities.
|j,Cp is considered a soft-patterning techniques due to the utilization of a "soft"
electrometric stamp, typically polydimethylsiloxane

|j,Cp is among the

most versatile method currently available. In |^Cp polydimethylsiloxane (PDMS) is
molded around a silicon master developed by traditional lithographic techniques. The
patterned PDMS is then inked the patterning agent of interest, typically alkanethiols' '"^"
or silicon alkoxides^"'^"'^''^and subsequently deposited by "stamping" the inked
PDMS onto an oxide substrate for the former and metal substrate for the latter.
|aCp has successfully been used to fabricate hexadecanethiol structures with
features -35 nm wide.'''''' Thus, the resolution available by |j,Cp is among the best
available. Patterned SAMs can be used for a number of purposed, including etch
resists,'"'^'' '"^'' "^ or peel-off masks' '"®'' "^ and templates for selective deposition by
taking advantage of reactive, or chemically compatible functional SAMs (see molecular
adhesive section above).
Like fiCp, SPL is a flexible technique for constructing nanoscale features.
SPL boasts superior resolution with reports published on the patterning and manipulation

of single atoms.'

SPL consists of a number of equivalent sub-techniques

including constructive lithography (dip-pen techniques)' "®"' '^' or destructive
1 100 1 1
lithography, which encompasses mechanical etching ' " '

or electrical

modification.' '^^"' '^'' The principle for both techniques is that an AFM tip is traced over
the surface to be patterned. This tip follows a defined route, which makes-up the pattern.
In dip-pen lithography, the tip is inked in a similar manner to jiCp and thus leaves a welldefined trail of the inking chemical. In mechanical etching, the tip is traced over the
surface at a high enough force to directly scratch the surface. In electrical etching, an
electrical potential is placed between the surface and a conductive tip such that the
surface is modified (usually oxidized) under the local field generated between the tip and
the substrate. Because of the plethora or very sharp AFM tips on the current market, SPL
features can routinely be fabricated to the 10-50 nm scale.
Although SPL can achieve the highest resolution of any current lithographic
technique, it suffer from being a serial technique with only small-scale patterning (limited
to lateral dimensions of about 100 |j,m.''®® Current commercial AFMs typically direct a
single probe tip across the surface at a rate on the order of |j,m/s, which is far too slow to
fabricate device-type structures for anything other than academic use. The has been
development of multi-tip systems which can direct lOOO's of tips creating multiples of
1 1^1 1

the same pattern, '

''

however significant development of these multi-tipped

instruments will need to be undertaken to develop SPL as a viable alternative to massproduced patterning.
SPL and |a,Cp represent two significant nanoscale patterning techniques that are
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easily employed in many academic laboratories. This Dissertation with utilize both to
demonstrate patterning of sol-gel materials on both the mircoscale as well as the
nanoscale.

RESEARCH OBJECTIVES
The goals of this research focus on the development, electrochemical
characterization, and utilization of sol-gel silica films. Development of these films will
not focus on fabrication of working devices, but primarily on the development of
techniques that will enable researchers to develop and examine novel materials, both
insulating and active, by inexpensive benchtop, room-temperature processes.
Additionally, inexpensive patterning techniques can be used for fabrication of features
fi:om the range of lO's of nm to |j,m's. The specific goals of this work are presented in a
quasi-chronological manner to elucidate the motivation for each individual research
project:
1. Optimization of the deposition of ultratliin sol-gel silica on 3MPTmodified metal substrates. These experiments were coupled with
detailed physical analysis of the silica films, including thickness
measurements, and most importantly the electronic characterization of the
films. (Chapter 4)
2. Investigation of the stability and limited electrochemical behavior of
the 3MPT-Ag interface. These studies were performed to elucidate the

48
physical behavior of 3MPT on metal surface to provide insight into the
silica and doped-silica films presented later in the dissertation. (Chapter 3)
3. Extension of insulating ultrathin sol-gel films onto semiconductor
substrates (indium tin oxide and silicon). These experiments serve
several purposes: to demonstrate generality of the sol-gel techniques, to
extend the application from metal passivation to semiconductor surfaces,
and to further examine interfacial aspects within the films by modifying
the adhesion chemistry (the substrate/sol-gel interface) and examining the
electronic behavior of the films. (Chapter 4)
4. Nanoscale patterning of the deposited sol-gel films. The fiindamental
issues in scanning probe lithography will be examined on the sol-gel films
presented in Chapter 4 as a means for nanochannel electrode development.
Among the goals of this research was to approach 50 nm channel widths.
(Chapter 6)
5. Microscale patterning of the deposited sol-gel films. Microcontact
printing for fabricating patterned sol-gel silica was developed. A general
methodology is described. (Appendix A)
6. Development of functional sol-gel based ultrathin films. 1,1'Bis(triethoxysilane)ferrocene were used as a dopant to create
ultrathin films with controllable conductivity. These films were
fabricated from the ground up, based on the sol-gel preparations outlined
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in Chapter 4. Complete physical and electronic characterization of the
films is described. (Chapter 5)

ORGANIZATION
The goals outlined above represent an ambitious and varied set of objectives that
will be tied together throughout this dissertation. General experimental techniques that
are used throughout the dissertation are described in Chapter 2. Specific literature
reviews and chapter specific experimental techniques were placed in the introduction and
experimental sections of their respective chapters.
The experimental chapters are organized in a manner try to present the data in as
direct a manner as possible. For instance, the detailed analysis of the 3MPT monolayer
(Chapter 3) is presented first since many of the sol-gel films used in Chapter 4-6 are
based on the 3MPT-metal adhesion architecture. Furthermore, Chapter 3 presents a
fundamental understanding of the adhesive interface, which can be used as a basis for the
substrate considerations presented in Chapter 4. Chapters 4 and 5 describe ultrathin film
fabrication for passive, insulating behavior (4) and active, functional behavior (5). These
chapters are presented together because their conclusions for each set of experiments
were drawn together. Thus, some of the conclusions drawn for Chapter 4 were confirmed
by results presented in Chapter 5. Chapter 6 presents the combined SPL patterning and
subsequent electrochemistry for the development of 2-dimensional polymer structures,
while the less well-developed |j,Cp experiments were included as Appendix A.
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CHAPTER 2

EXPERIMENTAL

This chapter provides a detailed description of the instrumentation, materials and
experimental protocols used in the work presented in this Dissertation. Additional
experimental details are outlined in each chapter as appropriate.

INSTRUMENTATION
Electrochemistry
Cyclic voltammetry was performed using a BAS model lOOB/W workstation or
an EG&G model 283 potentiostat/galvanostat. Low current measurements with the BAS
instrument utilized a BAS model PA-1 low current module with a BAS model C2
Faraday cage. This allows sub-pA currents to be measured accurately. The applied
voltage range of the BAS instrument is ± 3 V with a current sensitivity of < 1 pA. The
applied voltage range of the EG&G instrument is ± 8 V with current sensitivity of ~1 pA.
For electrochemical impedance spectroscopy (EIS), an EG&G model 283
potentiostat with lock-in detection (EG&G model 5120 lock-in amplifier) was used.
Both instrument control and data collection were performed with the EG&G PowerSine
software package. This software enables lock-in detection between 100 kHz and ~1 Hz
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to be coupled to lower frequency 10 mHz - 1 Hz data collected with the potentiostat
alone. In a typical EIS experiment, a DC potential is fixed either where interesting redox
reactions can occur or where the capacitance features of the electrochemical cell are
isolated, and an ac potential perturbation is chosen such that the effect does not
significantly alter the electrochemical interactions occurring within the cell. This value is
typically between 5 and 10 mV rms for electrochemical systems where an electrode
reaction occurs. Increasing the magnitude of the ac perturbation increases the signal to
noise in the measurement. For some of the insulating systems described in this
Dissertation, values as high a 1 V can be used without altering the system
thermodynamics.
To understand the background capacitance and resistivity inherent in the EG&G
potentiostat hardware, EIS was run with a 10 mV ac sine wave superimposed on a 0 V
DC bias with the counter and reference electrodes shorted to each other and the working
electrode floating. The result of this experiment is shown in Fig. 2.1. The total
impedance vs. frequency is plotted. To model these data, the equivalent circuit is a
simple RC circuit with a resistor and a capacitor in series. In this case, the resistor is the
input impedance of the potentiostat (Rin) and the capacitor is the stray capacitance of the
system (Cstray), which is affected by the capacitance of all of the cables and connections
associated with the potentiostat. These impedance data show a slope of-1 (phase shift of
-90°, not shown) at high frequencies that is controlled by the stray capacitance of the
system. By extrapolating the data to 10*^ rad/s, the capacitance is estimated to be ~1 pF.

Figure 2.1

EIS of the stray capacitance of the EG&G model 283 potentiostat.
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The low frequency roll-off shows the resistivity of the measurement input, which is ~4 x
10'^ Q.
To evaluate the EIS results quantitatively, the data were fit in LEVM 7.11 (J. R.
MacDonald) distributed as share ware by Solartron Inc. Briefly, this program receives an
input file that defines an equivalent circuit (estimated from prior knowledge of the
physical system), and the EIS data in the format of co, Zre, Zim, where co is the frequency
in rad/s, Zre and Zim are the real and imaginary components of the impedance of the
system in Q. The resulting output file is plotted and overlayed with the original data to
verify accuracy.
Since the BAS potentiostat does not support impedance measurements, the
background can only be evaluated by cyclic voltammetry. Fig. 2.2 shows the
voltammogram of an open circuit with a fused reference and counter electrode taken at 10
V/s. The voltammogram shows the expected purely capacitive response with an average
current separation of -60 pA. This leads to a capacitance of ~3 pF for the stray
capacitance of the system as calculated from the equation:

C = iv

(2.1)

where, C is the capacitance in F, i is the current in A and v is the scan rate in V/s. The
current is offset from zero by ~15 pA, which can be attributed to a systematic error in the
calibration of the instrument.
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Cyclic voltammetry and EIS were performed in a standard three electrode
configuration in two types of geometries, shown in Fig. 2.3 and 2.4. In Fig. 2.3, the
working electrode is a metal (Ag, Au or Pt) disk whether cut from a section of a rod (5-7
mm dia) or punched from a foil (10-12 mm dia) and soldered to a threaded-brass holder.
This holder is screwed into a brass rod and parafilm is wrapped around the sides and the
outer ~0.5 mm of the electrode surface to insulate the assembly from solution. All
voltammograms are normalized to 1 cm^ for display. A coiled Pt counter electrode is
inserted into the solution along with the working electrode assembly. A Luggin capillary
is used to insert either an Ag/AgCl (sat'd KCl) reference electrode or a Ag quasireference electrode (AgQRE) into the electrochemical circuit.
The second type of cell used for Au-coated glass slides utilizes a PDMS cell body
molded around a 200 |aL Eppendorf pipet tip (Fig. 2.4). The PDMS is cut to leave an
opening of-1-2 mm dia., which defines the electrode surface area. The cell is pressed
against the Au surface and a Pt wire and an Ag wire are inserted into the solution through
the top opening to act as the counter and reference electrodes, respectively.
The area for the PDMS-defined cell was calculated by cycling the Au electrode in
1 M H2SO4 from 0 V to 1.6 V and integrating the charge passed during the reduction of
Au-oxide assuming a charge required of 225

An example of these

voltammograms is shown in Fig. 2.5. This voltammogram shows the onset of Au
oxidation in 1 M H2SO4 at -900 mV which shows three distinct peaks. Upon scan
reversal, the Au-oxide reduction takes place in one uniform peak at -750 mV. The cells
used for these experiments were 0.026 ± 0.003 cm^ and 0.039 ± 0.004 cm^.
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Figure 2.2

Cyclic voltammogram of an open circuit with a fused reference and
counter electrode at 10 V/s for the BAS model lOOB with the low current
module (BAS model PA-1).
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Figure 2.3

Design and set-up of typical electrochemical cell. W.E. = Ag or
Pt; C. E. = coiled Pt wire; R. E. = Ag/AgCl (saturated KCl).
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Figure 2.4

Design and set-up of typical PDMS electrochemical cell for analysis of
electrodes on glass slides. W.E. = Au, ITO or Si(l 11); C. E. = coiled Ft
wire; R. E. = AgQRE.
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Figure 2.5

Cyclic voltammetry of Au in 1 M H2SO4 for the purpose of the active
surface area calculations for the PDMS-based electrochemical cells.
Scan rate 10 mV/s.
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Fourier Transform-Infrared Spectroscopy. All infrared spectral data were acquired
using a Nicolet Magna 550, Series II FT-IR. A liquid nitrogen-cooled MCT-A detector
was used to monitor the light intensity. The Nicolet Ommic software package was used
to control the instrumentation, and collect the interferrograms and perform the Fourier
transformation with Happ-Genzel apodozation, to produce the analytical spectra.
FTIR transmission spectra were acquired for neat liquid and pure solid
components for use as reference spectra. Liquids samples were prepared by placing a
drop of the neat liquid between two polished NaCl salt plates. Solid samples were made
by mixing -10:1 KBr (dried in a muffle furnace at 550 C for >24 h) with the analytical
reagent. Spectra for both solid and liquid samples were averages of 32-200 scans with an
instrumental aperture of 32, 2 cm"' resolution over a spectral range of 650-4000 cm'\ To
avoid saturation of the detector, a "B" energy screen (Nicolet) was placed in the beam
path.
Reflectance-absorbance IR spectroscopy (RAIRS) was used to collect FTIR data
of thin films and monolayers on reflective surfaces (Ag, Au, ITO). For RAIRS, the IR
beam was p-polarized with a ZnSe wire grid polarizer (25 mm dia.. Optometries USA,
Inc.) and incident to the sample surface at 80° with respect to surface normal using a FT80 Grazing Angle accessory (Spectra-Tech, Inc.). Anodized Al, and sand-blasted steel
masks were used to hold the sample in place and define a consistent analytical area for
these spectra. RAIRS data were typically averages of 300-2000 scans at 2 cm"'
resolution over the spectral range of 650-4000 cm"'. Due to the very low absorbance
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values of monolayer spectra, water vapor contamination is a significant problem in these
spectra.
Since the sample chamber is continuously pumped with dry air during analysis,
the amount of water vapor in the analysis chamber continuously decreases during the data
acquisition. To obtain water vapor reference spectra for spectral subtraction, a sample
spectrum is taken immediately following the background spectrum without moving the
background surface. The only change in the signal from the background to the sample is
the atmospheric change (H2O, and CO2). Fig. 2.6 shows typical background spectra for a
bare Au slide, and the resulting water-vapor spectra used throughout this document for
RAIRS data. The background in 2.6a shows significant absorbance from water vapor in
the 1500 - 2000 cm"' and ~ 3500 - 4000 cm"\ and hydrocarbon contamination seen most
clearly in the v(C-H) region 2800 -3000 cm"'. Fig. 2.6b is the RAIRS spectrum of the Au
surface used for water subtraction taken ~16 min after the sample chamber was closed.
The data collection takes -15 min each for the background and sample. The resulting
spectrum shows only the decrease in water vapor, as seen by the relatively large negative
rotational-vibrational peaks between 1500 - 2000 cm"' and -3500 - 4000 cm"'. The
absence of evidence for hydrocarbon contamination suggests that the v(C-H) peaks arise
from a consistent background of the instrument.

Raman spectroscopy. Raman spectral data were collected on an in-house designed
instrument as shown in the block diagram of Fig. 2.7. All Raman spectral data were
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Figure 2.6

Typical background spectra used for RAIRS spectroscopy, a) Signal
beam intensity for a bare Au surface; b) water vapor spectrum obtained
16 min after the background spectrum was taken.
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acquired with a Spex 270M single monochromator with a 1200 Knes/mm grating blazed
at 630 nm.
Raman scattered photons were generated with 514.5 nm laser excitation provided
by a Coherent Innova 350c Ar"^ laser (Coherent Inc., Palo Alto, CA). Spectra were
acquired at a laser power of -100 mW at the sample. Incident light was polarized parallel
with respect to the plane of incidence, and incident at 40° with respect to the surface
normal. Raman scattered radiation was collected at an angle of 50° with respect to the
surface normal with a Nikon f\ 2 camera lens and focused onto a Spex 270M
monochromator. A holographic Super Notch Plus filter (Kaiser Optical Systems) was
used to reduce the background from Raleigh scattered light. Detection was accomplished
with a Tektronix TK-512T, 512 x 512 thinned, back-illuminated CCD system (Princeton
Instruments).

Emersion process for Raman Spectroscopy. A schematic of the emersion
spectroelectrochemical cell used for the experiments reported here is shown in Fig. 2.8a.
The cell is made of pyrex glass and was sealed with a Teflon lid. An inert atmosphere is
maintained in the cell by flowing a stream of N2 through the cell at 1026 mL/min. The
electrolyte solution is injected into a solvent reservoir on the side of the cell and allowed
to flow through the glass tube in which a coiled Pt wire counter electrode, and a Ag wire
quasi-reference electrode, AgQRE (potential -135 mV - -150 mV vs. Ag/AgCl in the
acidic UPD solutions), are housed. A capillary of ca. 1 mm i.d. is used to bring the
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Schematic of the emersion spectroelectrochemical cell used for Raman
spectroscopy.

electrolyte to the lower portion of the surface. The working electrode is connected to a
motor, which slides through a teflon sheath that fits into a ground-glass joint on the side
of the cell. Electrical contact with the working electrode was made through a graphite
brush. Electrode potentials were controlled with an EG&G Model 283 potentiostat.
As shown in Fig. 2.8b, emersion of the 3MPT-modified Ag surface was achieved
by rotation of the surface through an electrolyte drop extruded from a capillary. Rotation
of the surface was controlled by a miniature DC motor (DynaOptic Motion) providing a
surface velocity ranging from 0.0055 mm/s to 0.037 mm/s, but maintained at 0.013 mm/s
for the experiments reported here. All Raman spectra were acquired with the focused
laser spot positioned 1 mm down from the top of modified Ag surface.
For highly convoluted data, a curve fitting program available in Grams 32 was
used. Each spectrum for the fitting procedure was first background subtracted. All peaks
were fit using a Gaussian peak shape.

Contact angle measurements. The contact angle instrument is a Kruss DSAIO
schematically shown in Fig. 2.9. A 2 |4,L drop of water is placed on a surface from a
syringe needle. The drop image is captured with a video camera modified with a
microscope and is then saved to a computer. The method used to calculate the contact
angle from the drop image is termed Tangent Method 1 (Kruss model DSAIO User
Manual). In this method, the complete profile of the drop is adapted to a general equation
for a conical section. From this "cone", the derivative at the baseline gives the slope at
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Schematic of the Kruss model DSAIO instrument used for sessile water
drop contact angle measurement.
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the three-phase contact point to the solid surface and thus the contact angle can be
calculated.

Ellipsometry. Ellipsometry measures the change in amplitude and phase of ellipticallypolarized light when it is reflected from surfaces with or without thin films. Ellipsometry
uses the fact that the phase and amplitude of the parallel component and the
perpendicular component of the incident light is changed upon reflection at a bare or
film-covered surface. An ellipsometric measurement yields two quantities, A and

that

are sensitive to the interfacial architecture. The fundamental equation of ellipsometry is
given in equation 2.2:

p = tan

2.2

where p represents the complex ratio of total reflection coefficients, tan ^ = Jrp|/|rs|,
where Jrp| and Jrs| are the ratios of the reflected wave amplitude to the incoming wave
amplitude for the parallel and perpendicular components, respectively, and A = 5i- 82,
where 5i and 62 are the phase differences between the parallel component and the
perpendicular component for the incoming wave and the reflected wave, respectively.
The quantities A and ^ are functions of the wavelength of the light, the angle of
incidence, and the optical constants of the surface, ambient medium, and overlayer. A
detailed description of ellipsometry can be found in references 2.3-2.6.

Fig. 2.10 shows the schematic diagram of a Rudolph Research model 43603-200E
ellipsometer that includes a HeNe laser source, a polarizer, a quarter wave plate (QWP), a
sample stage, an analyzer, and a photomultiplier (PMT). Unpolarized Kght from a HeNe
laser source (632.8 nm) passes through a polarizer and a quarter wave plate (QWP), fixed
at 45°. In this system, the polarizer and compensator are adjusted to produce elliptically
polarized light. The elliptically-polarized light is incident on the sample at an angle of
70° and is exactly canceled by reflection from the sample to leave plane-polarized light.
The analyzer is then adjusted such that no light is transmitted through it and a null point
is detected by the PMT. This configuration of the instrument makes obtaining the values
of A and ^ simple. After the values of A and ^ are obtained from the ellipsometry
measurements, the optical constants of the substrate and the film thickness can be
calculated using the software program, DaflBM version 2.0, supplied by Rudolph
Research.

Atomic Force Microscopy. AFM images were acquired and lithography was performed
with a Nanoscope® Ilia scanning probe microscope (Digital Instruments, Santa Barbara,
CA). Images were collected in both contact mode (with DI model-NP tips, SiN) and
TappingMode™ (with DI model-TESP Si Tapping Mode tips. Si, or Thermomicroscopes
diamond-coated SiN Ultralever tips). Solution-based experiments utilized a model
MMTMEC electrochemistry TappingMode''''^ fluid cell. The schematic for this cell is
shown in Fig. 2.11.
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Stage

Analyzer
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Figure 2.10

Schematic diagram of Rudolph Research model 43603-200E
manual-null ellipsometer.
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Figure 2.11 Schematic of the Digital Instruments model MMTMEC solution cell
used for AFM experiments.
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Standard AFM images were typically obtained in TappingMode in air, where the
feedback loop is set to minimize the sample-tip interaction without compromising the
image quality. Typical scan rates of 0.5-4 Hz were used for these experiments.
Details for the techniques used for scanning probe lithography are discussed in
Chapter 6.

Scanning electron microscopy. SEM images were acquired by either Eric Ross or Chris
Orendorff for both unmodified and Au-coated materials on a Hitachi S-2460N SEM with
an accelerating voltage of 20 kV.

Transmission electron microscopy. TEM images were acquired by Dr. Supapan
Seraphin and Phillip Anderson in the Materials Science and Engineering Department
with a Hitachi H-8100 TEM operated at 200 keV with a point-to-point resolution of 0.23
nm. Samples were prepared by directly spin-coating the sol-gel precursor solutions
described later in this chapter onto a perforated carbon-coated Cu TEM grid.

X-ray photoelectron spectroscopy. XPS measurements were acquired using a Kratos
Axis Ultra XPS. Monochromatic A1 (Ka) photons, 1486.6 eV, were used to generate
primary electrons from a beam area 300 |j,m x 700 fam. Electrons were collected in the
constant analyzer energy mode with a pass energy of 80 eV for survey mode and 20 eV
for single element scans. Integration times are adjusted according to the specific sample.
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MATERIALS
3-(Mercaptopropyl)trimethoxysilane (3MPT, >98%), tetramethoxysilane (TMOS, >95%)
were purchased from Aldrich. 3MPT was vacuum distilled prior to use. The vacuumdistilled 3MPT was divided into -0.5 mL aliquots, stored in a refrigerated desiccator,
and used within 3 months of distillation. Reagent grade acids (HCl, HNO3, H2SO4 and
HCIO4) were purchased from Mallinkrodt. Anhydrous 100% ethanol was obtained from

Midwest Grain Products or McCormick. Pb(N03)2 and TI2SO4 were reagent grade and
purchased from Alfa AESAR. Phosphate Buffer System (PBS) buffer solutions were
made from NaH2P04 and Na2HP04 from Aldrich. Water was obtained from a Milli-Q
UV Plus ultrapure Millipore water system (18.2 MQ cm; <10 ppb TOC). Polycrystalline
Ag disks (99.999%) were obtained from Johnson Matthey. Au surfaces were vapordeposited (2000 A) onto borosilicate microscope slides with a 50 A Ti adhesion layer
were purchased from Evaporated Metal Films (EMF) Inc (Ithica, NY).

METHODS AND PROCEDURES
Metal surface preparation. Ag disks (polycrystalline and Ag(l11)) were mechanically
polished with 400 to 1500 grit SiC sandpaper (3M) and 5 fxm AI2O3 slurry (Buhler, Ltd.).
The sides of the polished surfaces were then wrapped with parafilm and placed into
concentrated HCIO4 for 5-10 min. The surfaces were then immediately transferred to a
polishing solution of 3-4 M CrOs and 0.6 M HCl. This solution is gently stirred for ~1
min. The surfaces were then rinsed with copious amounts of Milli-Q water (18.2
MQ/cm), and immersed into concentrated NH4OH for ca. 1-5 min. The surfaces were
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then rinsed with Milli-Q water and dipped into fresh concentrated HCIO4, rinsed again
with Milli-Q water, then anhydrous ethanol, and stored under dry ethanol prior to use.
For Raman spectroscopy experiments, the electrodes were electrochemically
roughened by an oxidative-reductive cycle. The electrodes were immersed into a 0.1 M
solution of NaCl (N2 purged) and total oxidative charge was monitored as the electrode
was cycled at 10 mV/s from -500 mV until the potential cycle was reversed when 10
mC/cm^ was reached. The total oxidative charge passed was ~20 mC/cm^ leading to a
total surface roughness factor, Rf, of-1.5.^
Au-coated glass slides were prepared by first cutting the substrate to a desired size
(often ~1 cm^) from a microscope slide (1 in x 3 in). The dust resulting from the cutting
process was gently rinsed with H2O, and the slides were immersed into piranha solution
(1:3 30% H2O2:concentrated H2SO4) at the temperature of the solution immediately
following preparation. The piranha was allowed to react with the surface for 20 sec to 2
min prior to removal of the surface from solution, rinsing with a copious amount of
water, followed by rinsing with ethanol. The surfaces were stored in anhydrous ethanol
prior to use. An example AFM of a typical Au slide is shown in Fig. 2.12. The Au slides
in question, show roughly hemispherical particles coating the surface uniformly with a
peak-to-valley distance of ~9 nm. These slides have an approximate rms roughness of
1.5 nm.
ITO surfaces were cleaned in a five-step process. The ITO on glass surfaces were
first cut to a desired size (~1 cm^) and mechanically cleaned with a mild detergent
(Palmolive dish soap) on a felt polishing cloth. The surface were then rinsed and

lA
sonicated in Triton-X 100, Milli-Q water and finally ethanol (30-45 min each) prior to
placing in a plasma cleaner (Harrick model PDC-32G). Air plasma was used under
medium power (60 W) for -15 min. The surfaces were used for film formation
immediately after removal from the plasma chamber. Fig. 2.12 shows an AFM image for
such an ITO surface after cleaning. The image shows that ITO coats the glass slide with
hemispherical particles which, unlike the Au surfaces, show some inherent aggregation.
The peak-to-valley roughness for these slides is ~3.5 nm with a corresponding rms
roughness of -0.8 nm.
Si surfaces (p-doped Si(l 11)) were cleaned in a two step process. The Si wafers
were first cut to the desired size of ~1 cm^. The Si surfaces were immersed in
concentrated HF (in a Teflon container) for ~1 min to remove any native oxide on the
surface. To make the surface hydrophilic, a hydrous native oxide is formed in piranha
solution where the surfaces are immersed for ~2 min. These surfaces were transferred to
a container of Milli-Q water and were used for film formation immediately. Fig. 2.12
shows the AFM image of such a piranha cleaned Si(lll) wafer. This image is essentially
featureless. The Si(l 11) is by far the smoothest substrate examined with a peak-to-valley
roughness <0.5 nm and an rms roughness -0.1 nm.

3MPT film formation. Due to the ability of 3MPT to self-polymerize in the presence of
water, precautions were taken to reduce the possibility of 3MPT condensation prior to
monolayer formation. All glassware used was dried in an oven at > 120°C for at least 2 h
prior to use. Additionally, if the ambient humidity was > 10% RH at room temperature, a
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Figure 2.12 AFM images for vapor deposited Au on glass, ITO on glass, and Si(lll) used a substrates for sol-gel film
fabrication. The color scale for the plots was kept consistent for direct comparison. Line scans are
marked by the dashed white lines in each image.

glovebag was used and purged with dry N2. Anhydrous ethanol was used as received;
however, a fresh bottle was opened immediately prior to making the 3MPT solution.
3MPT monolayer films were allowed to self-assemble by immersion of the clean
Ag surface into a 1-20 mM ethanolic solution for 2-3 h. This gives the 3MPT enough
time to form a complete monolayer without allowing the surface time to hydrolyze and
condense due to the catalytic effect of trace water contamination. After film formation,
the surfaces were removed from the 3MPT/ethanol solution, rinsed with copious amounts
of ethanol and then water, and immersed into a 0.1 M HCl solution for 1 to 12 h to
catalyze the hydrolysis and condensation of the Si(0Me)3 terminus. These surfaces were
examined or used immediately after film formation.

Silica film formation. Ultrathin silica films were fabricated in a methodology first
developed by Mei Cai and Wade Thompson in the Pemberton research group.^'^'^'® Sol
precursors were created by mixing H2O, 0.1 M HCl, methanol and TMOS. Table 2.1 lists
the five most frequently used sol-gel precursors used in this work. These solutions
ranged from H20:Si molar ratios of 50-1000; the solutions were shaken for at least 30
min but no more than 45 min prior to deposition. Previous examination of these solutions
by Raman spectroscopy shows that the hydrolysis reaction is complete, but few
condensation products can be seen.^'^
The prepared surfaces (3MPT-Ag, 3MPT-Au, ITO, or Si(l 11)) were mounted
onto a sample rotator. Enough of the sol-gel precursor solution was dropped onto a
stationary surface to completely cover the area to a depth of >1 mm, typically -45

Table 2.1: Solution preparation for silica sol-gel films.
Solution

5

4

3

2

1

H2O (laL)

163

163

163

163

163

0.1 MHCl (i^L)

81

81

81

81

81

Methanol (|j,L)

55

55

55

55

55

TMOS (iiL)

2

5

10

20

40

[H20]:[Si]

1000

400

200

100

50

|aL/cm^. The sol was then spun-off at -3400 rpm. The spin-coated surfaces were then
stored in a desiccator for at least 2 days prior to analysis. For surfaces with multiple spincoating steps, the above deposition procedure was used, but each additional spin-coating
step was performed immediately after spinning the sample.

Ferrocene-doped silica film formation. Ferrocene-doped sol-gel films were prepared
according to the same procedure outlined for the undoped films. The solution precursors
used for these films are listed in Table 2.2. These solutions were mixed in two ways for
film fabrication. In method I, all components were combined and the solution was
allowed to react for 30 min prior to spin-coating. In method II, the water, 0.1 M HCl,
THF and TMOS were mixed and allowed to react for 30 min producing a solution of
primarily silicic acid. An aliquot of 1,1'-(bistriethoxysilyl)ferrocene is then added to this
solution, and spin-coated within ~15 min. These films were then placed in a desiccator
for 1-7 days prior to use, to allow for the completion of the condensation reaction. For
film aging studies, the aging process was accelerated by heating the films at 40 °C.
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Table 2.2: Fc-doped sol-gel film precursor solutions.
[TMOS]:[Fc]

3:1

7:1

13:1

15:1

H2O (laL)

613

1400

2629

4954

0.1 MHCl (laL)

309

704

1322

2492

THF (^L)

419

957

1796

3385

TMOS (laL)

8

17

33

62

FcTEOS (mg)

8

8

8

8

[TMOS]:[Fc]

3

7

15

25

[H20]:[Si]

600

780

860

870

[TMOS]:[Fc]

25:1

45:1

90:1

H2O (nL)

4954

9200

18400

0.1 MHCl (^L)

2492

4629

9257

THF (laL)

3385

6286

12571

TMOS (laL)

62

114

229

FcTEOS (mg)

8

8

8

[TMOS]:[Fc]

25

7

15

[H20];[Si]

930

950

970
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Patterning: Microcontact printing. The procedure for microcontact printing (fo-Cp) is
discussed in detail in Chapter 6. Therefore, only comparisons and contrasts with the [j,Cp
technique to the fabrication of bulk films will thus be discussed here. Since the
molecular adhesive, 3MPT, is so reactive (i.e. ologomers form readily), a long-chain
alkanethiol, 1-dodecanethiol, was first printed onto the surface to create a "mask" for the
solution deposition of 3MPT described above. With a portion of the surface blocked by a
monolayer of dodecanethiol, the identical preparation to that described for bulk films is
used.
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CHAPTER 3

ANALYSIS OF THE 3-(MERCAPT0PR0PYL)TRIMETH0XYSILANESILVER INTERFACE BY THALLIUM, LEAD AND CADMIUM
UNDERPOTENTIAL DEPOSITION AND EMERSION RAMAN
SPECTROELECTROCHEMISTRY

INTRODUCTION
Incorporation of reactive sites on the termini of self-assembled monolayers
(SAMs) allows covalent bonds to be formed between a SAM and a reactive molecule as a
pathway for attachment of different materials to solid substrates. Such pathways allow
effective creation of multilayer structures through tethering otherwise incompatible
materials, such as silicate glasses with metals. Common reactions employing selfassembled monolayers have been reviewed recently.^ ' Many such reactions of SAMS
are tailored to create brush-like structures that extend away from the surface.^'^"^'^ Other
approaches result in highly cross-linked polymer networks.^'^"^'^ Still other methods
involve the deposition of monolayers that incorporate self-reactivity for two-dimensional
polymerization at the surface.^^"^^^ Such polymerization results in monolayers that
provide distinct advantages over unpolymerized monolayers, including increased stability
and incorporation of reactive sites into the SAM^'^'' on which covalently-tethered
multilayer structures can be built. • ' • " •
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One such polymerizable SAM is formed with 3-(mercaptopropyl)trimethoxysilane

This molecule possesses a thiol group that covalently

binds to metal surfaces, and a reactive trimethoxysilane terminus that participates in solgel (hydrolysis and condensation) chemistry.^'^® Before 3MPT monolayers can be used
for the fabrication of multilayer structures of potential utility in integrated electronic
devices, a detailed understanding of the surface chemistry of these SAMs must be
achieved.
In previous work from this research group, hydrolysis and condensation reactions
of 3MPT SAMs at both Ag and Au surfaces were examined,^" as well as the ability
10 1 "5 '7ri
of these monolayers to act as molecular adhesion layers. • > • > • On Ag, infrared (IR)
and Raman spectroscopies indicate that the 3MPT molecules initially adopt an orientation
in which the S-C bond is largely perpendicular to the surface.^ '*^ However, after
hydrolysis and condensation of the trimethoxy terminus, the S-C bond reorients to
become more parallel to the surface and Si-O-Si bonds are formed that are largely
parallel to the surface. XPS data indicate that a small percentage (< 5%) of the available
Si-0 bonds are terminated in reactive silanol groups after this process, with the remainder
coupled in siloxane linkages.^

Of particular interest for the work reported here is a

preliminary study in which the 3MPT-modified Ag surface was examined by Pb
underpotential deposition (UPD) electrochemistry.^'The results of this study suggest
complete blocking of Pb UPD in the presence of CI" at 3MPT-modified Ag surfaces.
Although monolayer structures have been analyzed by a host of techniques
including IR spectroscopy, Raman spectroscopy,3 "3' 23 ellipsometry,3 ' 24"3 '29 contact angle
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m e a s u r e m e n t s , X - r a y photoelectron spectroscopy

solution

^ 90 S "Xn
'^8 'X 47
electrochemistry, • > • " • underpotential metal deposition electrochemistry, ' ' ' and
o HO '2 rrt
electrochemical impedance spectroscopy (EIS), ' "
the majority of these studies have
focused on inert, or non-polymerizable interfaces formed with -CH3, -OH, and -COOH
terminated SAMs. These monolayers rely on intermolecular van der Waals interactions
for stability, and as will be seen below, are not strong enough to withstand certain
electrochemical processes that occur at the metal substrate.
A variety of metal ions can be electrochemically reduced at certain foreign (i.e.
different) metal electrodes at potentials below the reversible bulk reduction potential in a
process called underpotential deposition (UPD). This process often occurs for the first
one to two monolayers of metal deposited at a potential -100-200 mV below the bulk
reversible value.The magnitude of the potential shift from the bulk deposition
potential is indicative of the degree of thermodynamic stability that the hetero-metal
affords the first one to two monolayers. Fine structure within the UPD current-potential
response indicates differences in surface sites on the metal electrode that can be due to a
variety of different factors including crystal face (e.g. 110 versus 111 face), defect sites
such as step edges or crystal lattice edges, or co-adsorbates. Since UPD is a technique
that is sensitive to chemistry at the metal surface, small changes in this surface chemistry
lead to observable changes in the UPD behavior.
-5 -JO -5
UPD has been used to characterize a number of SAM systems. ' "

Typical

systems studied include CH3-terminated SAMs at Au(l 11) surfaces using either Ag,^'^^'
or

as the underpotentially deposited metal. To date, only Oyamatsu and co-

workers have compared the UPD behavior of multiple metals (Tl, Pb, Ag, Cd, Cu, and
Bi) at SAM-coated Au surfaces.^ '*' In general, the presence of the alkanethiol monolayer
impedes diffusion of the metal cation to the electrode surface for reduction. Their main
conclusion was that the ability of a metal ion to penetrate the SAM alkyl region is
directly correlated to its Stokes' radius (an estimate of the metal's hydrated radius). This
study nicely demonstrates the advantage of using multiple UPD metal probes to examine
a SAM surface.
Although all of the previous UPD studies with SAMs have been performed on Au
substrates, the UPD of

and Cd^'^^ are well-known at Ag surfaces. Of

the previously reported studies, none have explored the perturbation of polymerizable
SAM systems by underpotentially deposited metals. The work in this chapter seeks to
elaborate upon the initial study reported from this group on the behavior of Pb UPD at
3MPT-modified Ag surfaces by examining two other underpotentially deposited metals,
Tl and Cd. The most important difference between these probe metals is their hydrated
radii increasing from Tl"^ (0.123 nm) through Pb^^ (0.133 nm) to Cd^"^ (O.lVl).^'^' By
comparing and contrasting the UPD characteristics of these three metals, along with
supporting data from XPS and Raman spectroscopy, a more detailed understanding of the
structure of 3MPT monolayers in the presence of UPD Pb, Tl and Cd is deduced.

EXPERIMENTAL
Methodology. Monolayer films were formed on polycrystalline Ag substrates. The Ag
disks were prepared according to a procedure described previously.^'^® Briefly, 3MPT
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SAMs were prepared on chemically-polished Ag by immersion into a 20 mM solution of
3MPT in dry ethanol. Self-assembly was allowed to progress for 2 h, and the surfaces
were rinsed with dry ethanol followed by immersion into a solution of 0.1 M HCl for 112 h to hydrolyze and condense the trimethoxy headgroups. Raman spectroscopy was
performed on Ag substrates that were first lightly roughened by a single oxidativereductive potential sweep from -500 to 500 mV vs. Ag/AgCl (10 mC/cm^ of anodic
charge passed) in 0.1 M NaC104.

Electrochemistry. Cyclic voltammetry was performed using a BAS lOOB workstation.
Electrochemical impedance measurements were made using an EG&G 283
potentiostat/galvanostat with an EG&G model 5210 lock-in amplifier for phase sensitive
detection. For all experiments, a three-electrode electrochemical cell was employed
using a Ag/AgCl (saturated KCl) reference electrode (-198 mV vs. SHE) and a Pt wire
counter electrode. All potentials are reported versus this reference system. UPD
solutions of 1 mM TI2SO4/ 2 mM H2SO4/O.I M K2SO4, 2 mM Pb(N03)2/ 2 mM HCIO4/
0.1 M KCIO4 and 1 mM CdS04/ 2 mM H2SO4/O.I M K2SO4 were purged for -20 min
with water-saturated N2 prior to use. A positive pressure of N2 was maintained in the
electrochemical cell during experiments. For emersion UPD experiments, a Ag quasireference electrode (AgQRE) was used (—150 mV vs. Ag/AgCl in both T1 UPD and Pb
UPD solutions), and a coiled Pt wire counter electrode were used. Potentials are
converted to the Ag/AgCl (saturated KCl) reference system for reporting here.
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XPS. XPS measurements were made using a Kratos AXIS-ULTRA spectrometer at a
base pressure of -5x10'^ torr. X-rays from a monochromatic Al(Ka) source at 1486.6
eV, with an approximate spot size of 300x800 |j,m, were used as the excitation source.
Photoemission spectra were recorded in the constant analyzer pass energy mode of 20 eV
using a concentric hemispherical analyzer and Channeltron electron multiplier detector.
T1UPD samples for XPS were prepared using a single potential sweep from -100 mV to 675 mV at either 10 or 25 mV/s. Once monolayer formation was complete, the potential
sweep was stopped, the surface was removed, rinsed with Milli-Q water, dried with N2,
and immediately placed in the vacuum chamber. The two regions of primary interest
were the T1 4f and S 2p regions. Integration times for the S 2p region were -400 s totaled
from 14 sweeps with 200 ms dwell times and 0.1 eV steps over the window from 158 eV
to 172 eV. Integration times for the T14f were -650 s totaled from 20 sweeps with 200
ms dwell times and 0.1 eV steps over the window from 114 eV to 130 eV.

Raman spectroscopy.

Integration times were 10 s co-added 60 times for a total of 10

min to achieve a reasonable signal-to-noise level, with p-polarized 514.5 nm light from
an Ar"^ laser at 70 mW intensity at the sample. The laser beam was incident on the
sample at -40° from the surface normal unless otherwise noted. Scattered light was
collected at -50° from the surface normal.

All other experimental details are described in depth in Chapter 2.
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RESULTS AND DISCUSSION
EIS at a 3MPT surface. Electrochemical impedance spectroscopy was utilized to
further understand the electrochemistry of the Ag-3MPT interface. Bode plots (log |Z|
and the phase shift (0) as a function of log co are shown in Fig. 3.1 for bare Ag and
3MPT-modified Ag. Specifically, these EIS experiments were undertaken in an attempt
to characterize changes in the capacitance of the interface upon adsorption of a 3MPT
monolayer and the resistance of the 3MPT monolayer towards ion intercalation. These
experiments were run at a DC potential of -125 mV, a region in which the
electrochemical current at Ag in this solution is due only to double layer capacitance.
Sixty-four data points were taken using a 10 mV RMS sine wave perturbation
superimposed on this DC potential over the frequency range of 100 kHz to 100 mHz (~6
X 10^ rad/s to ~6 x 10"^ rad/s). The data in Fig. 3.1 represent the total impedance (closed
symbols) and phase shift (open symbols) for both bare Ag surfaces (circles) and 3MPTmodified Ag surfaces (squares).
For bare Ag, the responses suggest a resistive region at high frequencies (>10"*
rad/s) as indicated by an approximately constant impedance and a phase shift close to
zero. In the intermediate frequency region between -10'' rad/s and lO" rad/s, a capacitive
element dominates as indicated by the -1 slope of the total impedance response and a
phase shift of 90°. At the lowest frequencies (<10° rad/s), more complicated behavior is
noted with the total impedance response slope diminishing to >-l (without going to zero)
indicative of an additional high-impedance resistive behavior. In the case of the 3MPTmodified Ag surface (squares), similar, although shifted, total impedance and phase shift
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Electrochemical impedance spectroscopy of the 3MPT-Ag interface in
1 mM Tl^SOyO.l M K,SOy2 mM H^SO^. •, • 3MPT/Ag interface; •, O
bare Ag for comparison; DC potential -125 mV vs. Ag/AgCl; AC
potential 10 mV rms.
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responses are noted. At high frequencies (>~5x 10^ rad/s), the impedance is constant and
the phase shift approaches zero. In the intermediate region from -5x10^ rad/s to ~5 x
10"' rad/s, the nearly -1 slope and a phase shift of -90° indicate the dominance of a
capacitance. At low frequencies (<5 x 10"' rad/s), the response approaches a slope of
zero, indicating resistive elements dominate the total impedance.
Simple electrical circuit models (Fig. 3.2a) can be utilized to explain these
responses. For the bare Ag surface, the EIS response is dominated by the electrochemical
double-layer capacitance, Cdi. By extrapolation of the data in the capacitive region to 10°
rad/s, Cdi is estimated to be ~110 jiF/cm^ from the relationship |Z| = 1/C. For the 3MPTmodified Ag surface, extrapolation of the intermittent frequency region where
capacitance dominates the EIS response, Ci is estimated to be -16 |j,F/cm^.
When the 3MPT monolayer is present, the electric circuit model required to
adequately account for the data becomes more complicated. Theoretically, if 3MPT is
described as a pinhole-free dielectric material, its capacitance can be estimated from the
equation:

C/A = sos/d

(3.1)

where so is the permittivity of free space, 8.85 x 10"'^ F m"', s is the estimated dielectric
constant of an alkanethiol, 2.7^'^^, and d is the thickness of the 3MPT monolayer, 1.1
nm^ '°. For this ideal dielectric layer, the film capacitance is estimated to be 2.2 |^F/cm^.
In the absence of defects that allow solution access to the metal surface, a more
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Figure 3.2

a) Simple equivalent circuit model for bare Ag. b) Simple equivalent
circuit model for a 3MPT-modified Ag surface. R, solution resistance; R,
leakage current resistance due to the 3MPT; C^,, double layer capacitance;
interfacial capacitance; c) two possibilities for the complete
equivalent circuit model for a 3MPT-modified Ag surface which includes
surface defects in the model: R^^f, and
defect resistance and defect
capacitance, respectively; d) mathematically reduced equivalent circuit.

appropriate equivalent circuit model is shown in Fig. 3.2b. In this case, the RC
components for the electrochemical double layer are in series with the film resistance and
capacitance. Since Cdi for Ag is on the order of 100 )a,F/cm^ and series capacitances add
inversely (total capacitance dominated by the smallest capacitance), the monolayer
capacitance should dominate the response of the equivalent circuit in Fig. 3.2b.
The discrepancy between the observed 16 |j,F/cm^ and the theoretical 2.2 |a,F/cm^
can be rationalized by the inclusion of defect sites in the monolayer structure. Rubinstein
and co-workers investigated electrochemical behavior of redox species through defects in
self-assembled monolayers of octadecyl derivatives on Au electrodes. Their results
suggest that the defect sites have an average size between 5-10 nm and behave as an array
of ultramicroelectrodes.^^*''^'^^ Thus, from Rubinstein's results, two possible equivalent
circuits exist as shown in Fig. 3.2c. These models incorporate an equivalent RC circuit
for the Cdef and Rdef of the bare metal at these defect sites which are shown both in
parallel with the film and electrochemical double layer (top) as well as in parallel with
the film but in series with the electrochemical double layer (bottom). Mathematically,
the two models reduce to the model presented in Fig. 3.2d, since the -100 |j,F/cm^
expected for Cdl is much larger than either Cfiim (~2 )j,F/cm^) or Cfiim + Cdef
(< 20 |a,F/cm^). Thus, it is impossible to distinguish between these subtle differences
experimentally. Nevertheless, if we assume that the defect sites, Cdef, will have a
capacitance equivalent to that of bare Ag, 110 (a,F/cm and the film, Cfdm, has a
capacitance of 2.2 |a,F/cm^, the defects must occupy -13% of the total surface area to

achieve the observed 16 |j,F/cm^ for the 3MPT film. A further evaluation of defects at the
3MPT monolayer can be found later in this chapter.

T1 UPD. Fig. 3.3a and b show the cyclic voltammetry (CV) of T1 deposition at both bare
and 3MPT-modified Ag, respectively. These voltammograms were obtained at a
relatively slow potential sweep rate of 10 mV/s to allow the fine structure in the response
to be resolved. T1 is a particularly interesting probe because of its remarkable sensitivity
to different crystal faces of

In Fig. 3.3a, the voltammogram is initiated at 0

mV and swept negatively through the deposition of the first monolayer (peaks labeled
A1D-A4D) and the onset of the second monolayer (peaks labeled Bid-B2d) prior to the
onset of bulk T1 deposition at —705 mV. When the potential sweep direction is reversed,
the second and first monolayers are subsequently stripped at nearly the same potentials as
they were deposited (peaks B1S-B2S and A1S-A4S, respectively).Peak potentials are
tabulated in Table 3.1.
Bewick and Thomas previously investigated the UPD signatures of T1 UPD on
Ag(lOO), Ag(l 10), and Ag(l 11). Based on the voltammogram in Fig. 3.3a, the Ag
surfaces used here exhibit the general behavior of the Ag(l10) surface with a large broad
peak at -445 mV and smaller, sharper peaks at -472, -519 and -572 for A2D, A3D and A4D,
respectively. Although each of the low-index crystal faces have different UPD
signatures, '

(i.e. peak potentials, peak widths, etc.), the voltammetry exhibits too much

overlap of the single crystal surfaces to quantitatively determine the fraction of each
crystal lattice on these surfaces. Additional complexity in these voltammograms results
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Cyclic voltammograms of T1UPD in 1 mM Tl^SO./O.l M K,S04/2 mM
H2SO4 at a scan rate of 10 mV/s on a) Ag and b) 3MPT-modified Ag
surfaces. The potential window terminates at the foot of the reversible
bulk T1 deposition process.

Table 3.1: Peak potentials and key peak separations for T1 UPD."
E at bare Ag (mV)
lOmV/s
Peak

deposition stripping

E at 3MPT-modified Ag (mV)

25mV/s

lOmV/s

deposition

stripping

25 mV/s

deposition

stripping

deposition

As

-621 ± 1

-577 ± 3

-628 ± 1

-573 + 6

Ae

-641 ± 1

-622 ± 2

-644 ± 3

-624 ± 5

Ai

-445 ±4

-438 + 4

-453 ±3

-43614

A2

-470 ± 3

-465 ± 6

-474 ± 6

^75 ±8

A3

-524 ± 6

-507 ± 7

-522 ± 7

-501 ±9

At

-573 ± 5

-566 ± 7

-571 ±7

-560 ± 7

Bi

-690 ±7

-683 ± 9

-692 ± 6

-672 ± 8
-716 ±15

B3
^EpAI

7±4

stripping

-705 ±4

7±4

AEpAs/^EpA6

" Standard deviations reported are for n = 3 independently prepared 3MPT/Ag
samples.

44± 1 /19± 1

55 ±4/19 ± 2

from the polycrystalline nature of the substrate, which is rife with grain boundaries that
are not present on single-crystal surfaces.
The initial expectation was that the 3MPT layer would block monolayer
adsorption in a maimer similar to that previously observed for Pb UPD.^ '° However, in
the presence of a monolayer of 3MPT, the T1 UPD behavior changes significantly. The
major portion of the T1 UPD reduction peak (Aid) at -445 mV for reduction of the first
monolayer is not suppressed but shifts to -621 mV. The mere presence of this peak
indicates that UPD still occurs directly at the metal surface. In addition, a small wave is
retained at the position of Am of —445 mV. The total integrated charge for deposition
and stripping of the T1 monolayer on the bare Ag surface and the 3MPT-modified Ag
surface are identical, indicating the same total surface area available for the UPD of T1 in
the presence and absence of 3MPT. The integrated charge of the small deposition peak at
-445 mV represents ~ 8%-12% of the total surface area. The presence of this peak is
interpreted to be indicative of accessible bare Ag surface sites at defects within the 3MPT
layer. This value compares very favorably with the EIS estimate of 13% defects in the
film above.
These defects might arise fi^om two major features of the 3MPT SAM. The first is
that the short propyl chain of 3MPT does not provide a significant driving force to create
well-packed, highly-ordered monolayers. This might account for accessibility of-5% of
the surface using Hagenstroem's data on ethanethiol-modified Cu surfaces.^'"^^ The
additional free surface area can be attributed to the bulky trimethoxysilane terminal group
of 3MPT. Since the monolayer is formed with intact, non-condensed 3MPT, the ultimate
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packing density is limited by the size of the terminal group; thus, additional accessible
surface is available for T1UPD as observed in the data.
When the UPD behavior in the defect region between —350 mV and —550 mV is
closely examined, the shape is reminiscent of a limiting current without a specific peak.
Such a voltammetric shape is suggestive of diffusion control of the Tl"^ to distributed
microelectrodes defined by the defect area of the electrode surface.^'^^'^'^^ However, in
the case of underpotential deposition, diffusion control should only develop in the case of
very small Tl"^ reactant concentrations or at very fast scan rates. Closer examination of
this region is shown in Fig. 3.4 at a) 100 mV/s and b) 2 mV/s. At the larger sweep rate,
clear peaks are observed at potentials of -472 mV and -512 mV for T1 deposition with
their corresponding stripping peaks at -417 mV and -474 mV, respectively. At the slower
scan rate, the background largely masks the peaks. The shape of these voltammograms
indicates a broad range of T1 UPD deposition sites, even within the small confines of
these defect sites. Such defect sites in the 3MPT monolayer might include among other
possibilities large features such as grain boundaries, as well as smaller features such as
step edges.
For T1 deposition on the portion of the surface with 3MPT, the -180 mV shift to
more negative potentials results from the fact that the presence of the 3MPT monolayer
decreases the energetic advantage of T1 UPD relative to the bare Ag surface.
Additionally, the number of peaks in the voltammogram decreases. For bare Ag, four
well-defined peaks are observed for the deposition of the first monolayer. With 3MPT
present, only two peaks are associated with deposition of the first monolayer, Asd and
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Figure 3.4

Cyclic voltammograms of T1 in the UPD region in 1 mM TljSO/O.l
M K2SOy2 mM H2SO4 at a scan rate of a) 100 mV/s and b) 2 mV/s prior
to the potential at which T1 deposition underneath the 3MPT monolayer
occurs.
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Aeo (neglecting defect sites as described above). Deposition of the second monolayer,
which occurs in two peaks for bare Ag, is shifted and reduced to a single broad peak, B3D,
at the 3MPT-modified surface. The decrease in the number of T1 deposition peaks
occurring at more negative potentials in the presence of 3MPT relative to bare Ag
indicate that the 3MPT-modified Ag is energetically more uniform compared with the
bare Ag surface, but that the energy gain associated with deposition of the first T1
monolayer at the 3MPT-modified Ag surface is less than at the bare Ag surface.
Examination of the potential separation between the reduction (deposition) and
oxidation (stripping) peaks, AEp, shows another change in the T1UPD behavior in the
presence of the 3MPT monolayer. On bare Ag, the AEp between Aid and Ais (AEpAi in
Table 3.1) is 7 mV but increases to ~19 mV between Aeo and Aes in the presence of
3MPT at 10 mV/s (AEpA6 in Table 3.1). Similarly, AEp between Asd and Ass (AEpAs in
Table 3.1) is 44 mV at 10 mV/s and 54 mV at 25 mV/s. The consistent increase in AEp in
the presence of 3MPT relative to bare Ag suggests a slight decrease in the kinetics of the
T1 monolayer deposition and stripping processes in the presence of 3MPT. Ideal UPD
monolayer deposition and stripping exhibits perfectly symmetric deposition and stripping
peaks; thus, the presence of tailing on the T1 monolayer stripping wave (Ass) in the
presence of 3MPT lends additional support to the presence of kinetic complications.
Similar tailing is not observed on either side of the deposition peak at 3MPT-modified Ag
suggesting that these kinetic complications are associated with injection of Tr, created
by oxidation of UPD TP'"^ into solution. Although kinetic limitations are suggested by

the increase in peak separation for the 3MPT-modified surface relative to the bare
surface, the effect is small at the slow scan rates used in this study.
Hagenstroem et al.^ '^^ observed different behavior for the UPD of Cu at
ethanethiol (ET)-modified Au. In their system, AEp between the oxidation (stripping) and
reduction (deposition) peaks significantly increased in the presence of the SAM although
the E° was shifted little, if any. These kinetic limitations precluded any determination of
a shift in the E° for Cu UPD. This increase in AEp was attributed to the presence of an
additional impedance element during the reduction of Cu^^ from a kinetic barrier for
SAM penetration by the metal ions. Thus, their data indicate only kinetic limitations for
Cu UPD on ET-modified Au. In contrast, for T1 UPD at 3MPT-modified Ag, both
kinetic and thermodynamic effects are observed.
For further elucidation of the T1 UPD behavior at 3MPT-modified Ag in these
experiments, the UPD experiment was repeated on a single crystal Ag(l 11) surface. Fig.
3.5 shows the CV of T1 on bare and 3MPT-modified Ag(l11). The bare Ag(l 11) surface
shows three major peaks for the first monolayer of T1 deposition, labeled Aid,

and

A3D, respectively, at -432 mV, -464 mV and -524 mV. Most of the monolayer is
deposited within the sharp A2D peak which shows 124 |j,C of the -170 |j,C of total charge
required to deposit the T1 monolayer as compared to 28 |j,C for Aid and 19 |liC for a3d.
The deposition of the second monolayer occurs in one single sharp peak. Bid, and is
almost completely deposited before bulk T1 deposition begins based on the 136 |j,C
charge passed, equaling -80% of a second monolayer.
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Figure 3.5

Cyclic voltammograms of T1 in the UPD region at Ag(lll) surfaces in 1
mM TI2SO4/O.I M K2SO4/2 mM H^SO^ at a scan rate of 10 mV/s on a)
Ag(lll) and b) 3MPT-modified Ag(lll) surfaces. The potential window
cuts-off at the foot of the reversible bulk deposition.
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When 3MPT is present on the surface, the voltammetry changes in a manner similar to
that observed on polycrystalline Ag. The UPD peak position shifts from -464
mV (combined peaks Ai to A3) to -594 mV, labeled A4D. This 134 mV shift is somewhat
smaller than the 180 mV shift observed for polycrystalline Ag. Integration of the peaks
shows that peak A4D requires 150 |j,C or -87% of the original Ag(l 11) surface available
for T1 underneath the 3MPT monolayer. Defect sites (A4d) show -18 jaC of charge
passed indicating -12% of the surface area is associated with defect sites, in agreement
with the results on the 3MPT-modified polycrystalline Ag surfaces.
While changes in peak width in the polycrystalline case are hidden by the large
envelope of the T1 UPD process, the simplified voltammetry of the Ag(l 11) surface
exhibits a full-width-half-maximum of the major UPD peak that increases from -12 mV
for clean Ag(l 11) to 33 mV for 3MPT-modified Ag(l 11). This broadening is expected
on the basis of a kinetic effect of the 3MPT monolayer acting as a barrier to ion
penetration. Furthermore, peaks A4D and A4S show a significant amount of taiUng. This
arises from the 3MPT films impeding Tl^ diffusion to the surface lending more support to
arguments for kinetic limitations of the UPD behavior. The presence of such kinetic
effects are confirmed by the increase in AEp from 15 mV between Aao and A2S at bare
Ag(l 11) to 44 mV between A4D and A4S.
T1 UPD at 3MPT-modified Ag has been shown to be primarily governed by large
thermodynamic effects leading to a shift in the UPD potential of-150 mV from the UPD
at a bare Ag electrode. These large thermodynamic shifts are accompanied by small
kinetic effects that arise from the 3MPT monolayer impeding diffusion of the Tl^ to the
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electrode surface. Unlike previous UPD studies at monolayer surfaces, for 3MPT, the
kinetic effects are quite small due to the nature and structure of the defects. Thus,
thermodynamic effects can clearly be observed for these systems.
In order to assess the stability of the 3MPT layer to repeated T1 deposition and
stripping, the electrochemical response in multiple cycles was examined. This response
was then compared to that of a butanethiol (BT)-modified Ag surface. BT was chosen
for this comparison because it provides a similar monolayer thickness to 3MPT, with a
simple CHs-terminal group as opposed to the siloxane-linked terminus of the condensed
3MPT monolayer. In one experiment, a BT-modified Ag surface was cycled between -50
mV and -650 mV fifteen times. Fig. 3.6 shows the first, fifth, and fifteenth
voltammograms. In the first cycle, a flat double-layer region persists from -50 mV until
the onset of reduction at —300 mV. A peak for the deposition of T1 occurs at -515 mV;
this peak is shifted to more negative potentials than for T1 monolayer deposition at bare
Ag, similar to the behavior observed for 3MPT-modified Ag. The first reverse scan (-650
to -50 mV) shows significant differences from that of the 3MPT monolayer, however.
Instead of a single oxidation peak for stripping of T1 observed at 3MPT-modified Ag,
three peaks due to oxidative desorption of the first T1 monolayer are observed. A
stripping peak is observed at -500 mV that corresponds to the removal of T1 in the
presence of the 3MPT monolayer. In addition, two other desorption peaks are seen at
-400 and -380 mV. These peak potentials are close to those observed for stripping of T1
from bare Ag, although shifted slightly positive suggesting a kinetic complication.

103

20 |aA/cm

1 cycle
a
<D

5 cycle
15 cycle

u

0 -

Potential vs. Ag/AgCl (mV)

Figure 3.6

Cyclic voltammograms of the first (solid line), fifth (long dashed line)
and fifteenth (short dashed line) cycle of T1 in the UPD region in 1 mM
TljSO^/O.l M K2SO4/2 mM H2SO4 at a scan rate of 25 mV/s at
butanethiol-modified Ag surface.
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Another feature seen in the first T1UPD cycle at the BT-modifled Ag surface is
hysteresis. After complete stripping of T1 from the surface at -325 mV, the current
increases and approaches that observed at a bare Ag surface at these potentials. This
hysteresis suggests the creation of additional bare Ag surface during the initial T1
deposition step onto which T1 deposits during the reverse sweep.
In the fifth cycle, the peak at -515 mV decreases significantly in magnitude with a
concomitant growth of a new deposition peak at -410 mV. In the reverse scan portion of
the fifth cycle, the stripping peak at -500 mV is greatly diminished at the expense of the
growth of the peak at —390 mV. This peak at -390 mV represents a combination of the
stripping peaks of -400 and -380 mV seen in the forward scan. In the fifteenth cycle, the
peak at -515 mV has almost completely disappeared coupled with a corresponding
increase in the peaks at -380 and -400 mV. Thus, these data show that repeated T1
monolayer deposition and stripping cycles removes BT from the Ag surface. Integrating
the peaks shows that after five cycles, the charge under the T1 UPD wave at -515 mV
decreases by -30% from 34 |liC to 13

indicating -30% removal of the BT from the

surface. After 15 cycles, only -6% of the BT remains on the surface, with the T1
deposition peak decreasing to only 2 |j,C.
These results for T1 UPD at BT-modified Ag are markedly different from
Hagenstroem's results for of Cu UPD at ET-modified Au surfaces.^

For the latter

system, Cu nucleates only at defect sites on the Au-ET surface (estimated to be -5% of
the total surface area) and does not penetrate the ET monolayer. Presumably, the
difference in behavior between T1 and Cu is related to some aspect of ion size. Oyamatsu
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et

related the SAM-penetrating ability of a metal ion for reductive deposition to its

ionic radius. Since Tl"^ is smaller than Cu^^ (Stokes' radii of 0.123 nm for Tl^ and 0.172
.
.
nm for Cu2 _ | _),.
it is not
surprising
that the reduction behavior of T1- l - differs from that of

Cu^^. Small probe ions allow thermodynamic differences between bare metal an SAMmodified surfaces to be observed, without the large kinetic limitations that increase AEp,
for large metal ions and limit the ability to precisely estimate redox potentials, because of
the lack of impedance toward ion penetration through the monolayer interface to the
metal surface.
The stability of 3MPT-modified Ag to T1UPD is shown in Fig. 3.7. Here, the
first, fifth and fifteenth cycles are shown for T1 UPD at 3MPT-modifled Ag at 25 mV/s.
A cursory examination of these voltammograms leads immediately to the conclusion that
3MPT films are considerably more stable toward T1 deposition and stripping than the BT
films described above. In the first cycle, ~5% of the T1 monolayer is deposited at —475
mV with a shoulder on the low energy side, the peak potential corresponding to T1
deposition on bare Ag. As noted above, this T1 is deposited at defects in the 3MPT film.
The remainder of the T1 monolayer is deposited at the 3MPT-modified Ag in a single
peak at -628 mV. This is the same behavior as that shown in Fig. 3.3b with the
exception that, at this higher scan rate, the two T1 deposition peaks at -621 and -641 mV
broaden into a single wave at -628 mV. T1 is stripped from beneath the 3MPT by a
single broad peak at -609 mV which tails out until the peaks at —450 mV and -425 mV,
corresponding to T1 stripping from the defect sites.
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Figure 3.7

Cyclic voltammograms of the first (solid line), fifth (long dashed line)
and fifteenth (short dashed line) cycle of T1 in the UPD region in 1 mM
Tl,SOy0.1 M K,SOy2 mM H^SO, at a scan rate of 25 mV/s at a 3MPTmodified Ag surface.
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In the fifth cycle, the peak at -415 mV for T1 deposition at defects in the 3MPT film
increases from 11 ± 2 |4,C/cm^ to 12 ± 1 |4,C/cm^ and the peak at -600 mV for T1
deposition at 3MPT-modified ag decreases from 56 ± 8 |aC/cm^ to 53 ± 5 |j,C/cm^. The
T1 stripping is similar to that of the first cycle with a slightly diminished peak at -609 mV
and clear separation of the peaks at -450 and -425 mV. In the fifteenth cycle, the defect
peak at -415 mV increases to 14 ± 1 |j,C/cm^ and the peak at -600 mV remains
essentially unchanged at 53 ± 12 )j,C/cm^. The stripping peak of the fifteenth cycle is
unchanged from that of the fifth cycle.
When the data for repeated T1UPD at BMPT-modified Ag are compared to those
presented in Fig. 3.6 for BT-modified Ag, the effect of the additional stability conferred
on the 3MPT film by cross-linking of the terminal groups is clearly seen. After the
fifteenth cycle of T1 UPD at BT-modified Ag, the peak at -515 mV due to T1 deposition
at BT-covered portions of the surface is almost completely eliminated indicating
desorption of the majority of the BT monolayer. In contrast, most of the 3MPT
monolayer remains at the surface even after fifteen T1 UPD cycles as seen by the
persistence of the peak at -610 mV. Moreover, the current at -415 mV due to T1
deposition at defects in the 3MPT film does not increase significantly in magnitude;
rather, the peaks sharpen with increased cycling. This sharpening is proposed to be due
to desorption of weakly-held 3MPT species, perhaps those not efficiently polymerized
into the monolayer, by T1 deposition. In contrast, T1 deposition does not displace the
completely polymerized 3MPT regions from the surface, presumably due to poor
solubility of polymerized 3MPT.
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Additional insight into the thermodynamics of T1UPD at BT-modified Ag
compared to 3MPT-modified Ag can also be extracted from the voltammetry of these
systems. The decrease in the magnitude of the underpotential for T1 at the BT-modified
surface is 100 mV, almost 80 mV less than for the 3MPT film. This result suggests that
the T1 monolayer is less stable in the presence of a 3MPT monolayer than in the presence
of a BT monolayer. We hypothesize that since the 3MPT surface is polymerized at its
outer edge, the film molecules are constrained such that, when T1 deposits, 3MPT cannot
reorient to adequately accommodate the preferred bond angles for the Tl-S-C interface.
Additional strain is added to the 3MPT monolayer by changes in the S-S spacing as the
uppermost metal monolayer to which it is bonded changes from a Ag surface with a
radius of 0.144 nm to a T1 monolayer surface with a radius of 0.171 nm. These
constraints do not exist for the BT monolayer because all molecules in the film are
independent.
Based on the data presented in Figs. 3.3-3.5, a mechanism for the UPD of T1 at a
3MPT-modifled surface can be suggested. This mechanism is shown schematically in
Fig. 3.8. In Fig. 3.8a, the 3MPT surface is shown in the absence of any UPD metal.
Although the true nature of the defect sites is unknown, two defects are depicted as
simple 3MPT vacancies. In Fig. 3.8b, T1 nucleation is shown to begin at these defect
sites in the potential region between -400 mV and -550 mV. In Fig. 3.8c, the deposition
of T1 beneath the 3MPT monolayer occurs extending outward from the 3MPT defects
where T1 nucleation begins. In Fig. 3.8d, T1 deposition continues until a complete T1
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Schematic representation of the T1 UPD process at a 3MPT-modified Ag
surface.

110
monolayer is formed. Further evidence for this mechanism will be elaborated in the
remainder of this chapter.

Pb UPD. Fig. 3.9 shows the cyclic voltammetry for UPD Pb at both clean Ag and
hydrolyzed and condensed 3MPT-modified Ag surfaces. Pb behaves somewhat
differently than Tl, in that the second monolayer does not begin to deposit before the
onset of bulk deposition, because the energy advantage is not as great for Pb as it is for
Tl. In the voltammogram at bare Ag, four distinct peaks are seen for both the deposition
and stripping processes. The deposition peaks corresponding to the first monolayer,
labeled A1D-A4D, are observed at -260, -271, -288 and -370 mV, respectively. Peaks AidA3D fall within a large envelope dominated by Am for the deposition. These peaks, like
those observed for Tl UPD, are presumably due to Pb deposition on multiple sites of the
Ag surface (i.e. atomic step-edges, plateaus, or different crystal faces).^'^^"^'^"* These peak
potentials are tabulated in Table 3.2.
In the presence of a 3MPT layer, the Pb reduction peak at -260 mV due to
deposition at bare Ag is largely eliminated; however, a small wave corresponding to
-10% of the original surface area is still observed due to Pb UPD at defects in the 3MPT
layer. In addition, a new peak develops at -410 mV due to Pb UPD in the presence of the
3MPT monolayer. As with the Tl, the presence of the UPD wave at the 3MPT-modified
surface indicates that Pb is directly deposited onto the metal surface, underneath the
3MPT layer. Since the thermodynamic advantage for Pb UPD is not as great as for Tl
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Figure 3.9

Cyclic voltammograms of Pb UPD in 1 mM Pb(N03)2/0.1 M NaC104/2
mM HCIO4 at a scan rate of 10 mV/s on a) Ag and b) 3MPT-modified Ag
surfaces. The potential window cuts-off at the foot of reversible bulk
deposition.

Table 3.2: Peak potentials and key peak separations for Pb UPD."
E at bare Ag (mV)
10 mV/s

E at 3MPT-modified Ag (mV)
25 mV/s

Peak

deposition

stripping

deposition

stripping

AID

-260 ± 1

-245 ± 2

-265 ± 3

-244 ± 5

A2D

-270 ± 2

-257 ± 3

-276 ± 4

-257 ± 5

A3D

-289 ± 1

-272 ± 4

-292 ± 2

-274 ± 3

A4D

-370 ± 2

-362 ± 4

-373 ± 2

-364 ± 3

lOmV/s
deposition

.,.

ASD
15 ± 1

,

stripping

deposition

-335 + 10
-345 ±15

-413 ± 3

21 ± 1

79 ±8
69± 10
^ Standard deviations reported are for n = 3 independently prepared 3MPT/Ag samples.
AEpA5

25 mV/s

78 ±6

stripping

-335 ±10
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UPD, the UPD peak is not fially resolved at the switching potential. Upon scan reversal,
a stripping wave is observed that has two components at —355 mV and —335 mV.
One of the most significant differences between the Pb and T1 UPD behavior is
the change in AEp in the presence of 3MPT. For bare Ag, AEp between Aid and Ais is 10
mV at 10 mV/s indicating little to no kinetic limitation to the UPD of Pb. When 3MPT is
present, AEp between Asd and Ajsa-Ajsb increases to -80 mV at 10 mV/s. This increase
suggests that Pb stripping has a kinetic limitation in the presence of 3MPT that is not
present without 3MPT.
The ~80 mV AEp for Pb UPD is significantly larger than the 15 mV AEp for T1
UPD at 3MPT-modified Ag. One significant difference between these two probe metals
is the hydrated ion radius, Pb^^ (0.133 nm) being larger than Tl"^ (0.123 nm). Given this
size difference, one can interpret the AEp behavior as Pb^"^ perturbing the monolayer more
extensively than Tl^,^ '^^ or simply being more inhibited from penetrating the 3MPT layer.
A similar effect of hydrated ion radius on the kinetics of the UPD process has been
previously observed for T1 and Cu UPD at alkanethiol SAMs. Since Pb^^ is smaller than
Cu^^ but larger than Tl"*", the impact of these kinetics on Pb UPD is expected to be
intermediate between that on T1 and Cu. Thus, this kinetic effect is manifest as larger
tailing of the stripping peak for Pb than for Tl. In contrast to Cu UPD, however, Pb UPD
is not so kinetically limited that the thermodynamic shifts are completely hidden by peak
broadening and splitting.
A comparison of Pb UPD on BT- and 3MPT-modified Ag surfaces exhibits
differences similar to those observed for Tl UPD. Fig. 3.10 shows the first sixty
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Potential vs. Ag/AgCl (mV)

Figure 3.10

Cyclic voltammograms of the first 60 cycles of Pb in the UPD region in
1 mM Pb(N03)j/0.1 M NaC10,/2 mM HCIO^ at a scan rate of 25 mV/s at
a butanethiol-modified Ag surface. Arrows indicate the direction of
change for peak intensities.
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consecutive potential cycles through the Pb UPD region at BT-modified Ag. Initially,
there is no discemable peak at -260 mV, the potential for Pb UPD at bare Ag, on the BTmodified surface indicating a pinhole-free BT film. The BT-modified Ag surface
exhibits behavior similar to a 3MPT-modified surface in that the Pb monolayer is
deposited over -80% of the total surface area in the process with a peak at -410 mV.
During the first stripping scan, peaks are observed at -375 mV and -260 mV. The
peak at -375 mV corresponds to Pb stripping from the BT-covered portion of the Ag,
while the peak at -260 mV corresponds to Pb stripping from bare regions of Ag. Since
there is no discemable reduction wave in the first deposition sweep that corresponds to
the stripping peak at -260 mV, the Pb UPD process at -410 mV must remove BT from
the surface. As the cycles progress, the deposition wave at -260 mV for Pb UPD at bare
Ag increases in magnitude at the expense of the wave at -410 mV, and the stripping peak
at -375 mV decreases at the expense of the peak at -260 mV.
The onset of BT removal appears to be slower for Pb than Tl. The peak
associated with deposition in regions of the Ag covered with the BT monolayer decreases
by only ~2% over the first five cycles. In contrast, after five cycles of Tl deposition and
stripping, -30% of the BT monolayer has been removed. This small difference can be
directly attributed to the difference in size between Pb^^ and Tl^. Since Pb^^ is larger, it
cannot penetrate the monolayer film as easily as the smaller Tl"^.
Fig. 3.11 shows the effect of repeated Pb monolayer deposition and stripping on
the integrity of the 3MPT monolayer. In these voltammograms, only the first, fifth and
45"^ cycles are shown. In the first sweep, the Pb UPD peak is poorly resolved, because of
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Figure 3.11

Cyclic voltammograms of the first, fifth and forty-fifth cycles of Pb in
the UPD region in 1 mM Pb(N03)2/0.1 M NaC104/2 mM HCIO4 at a scan
rate of 25 mV/s at a 3MPT-modified Ag surface. Cycle numbers are
labeled on the figure.

117
a shift toward the bulk Pb deposition indicating very little advantage in the UPD process.
The reduction wave shows the same behavior as described above for the data in Fig. 3.9
in which two peaks are seen at -355 mV and -335 mV. The shift toward negative
potential of the deposition wave can be directly attributed to blocking of the UPD process
by weakly bound 3MPT species at the onset of the experiment. Multiple cycles show a
"breaking-in" period over the course of the first few cycles where the weakly adsorbed
portions of the monolayer are almost completely removed. Thus, in the fifth cycle, where
the peak at -260 mV from Pb UPD at defect sites becomes more defined, and the UPD
peak corresponding to Pb deposition on 3MPT-modified Ag is shifted to -413 mV.
Beyond the fifth cycle, the voltammograms cease to change, indicating stability to further
desorption of the monolayer.
The mechanism for T1 UPD at 3MPT-modified Ag, described above in Fig. 3.8
appears to apply equally well for Pb UPD. Thus, the polymerized Si-O-Si network at the
co-terminus of the film rigidly confers on the structure that hinders 3MPT reorientation to
accommodate deposition of the Pb monolayer. Additional strain engendered within the
3MPT monolayer by changes in the S-S spacing as the atomic surface structure changes
from Ag, with a radius of 0.144 nm, to Pb, with Pb radius of 0.175 nm.^'™

Cd UPD. Fig 3.12 shows the UPD voltammetry of Cd at both clean Ag and hydrolyzed
and condensed 3MPT-modified Ag surfaces. In the voltammogram at bare Ag Cd UPD
begins at —315 mV with deposition peaks, Aid-Asd, at -407, -450, -474, -625 and -645
mV, and stripping peaks Ajs-Ais at -633, -590, -473, -444, and -407 mV, respectively.
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Figure 3.12 Cyclic voltammograms of Cd in the UPD region in 1 mM CdSOyO.l
M K2SO4/2 mM H2SO4 at a scan rate of 10 mV/s on a) Ag and b) 3MPTmodified Ag surfaces. The potential window terminates at the foot of the
reversible bulk Cd deposition process.
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The stripping wave is nearly symmetrical with the deposition with process. Cd UPD
differs from T1 and Pb UPD in that the deposition of the first monolayer occurs in two
envelopes, a pre-UPD nucleation in the region —450 mV, A1D-A3D with -300 \iClcvc^
and a predominant UPD envelope with peaks A4D and Asd with —511 |a,C/cm^. Thus,
the initial UPD peaks comprise -38% of a full Cd monolayer.
At the 3MPT-modified surface, current onset begins at —600 mV with no
apparent peak before the bulk deposition begins, —700 mV. In the stripping sweep, a
small, broad peak at -425 mV is observed with 128 |aC/cm^, corresponding to -16% of
the total surface area. This area is slightly larger than the total defect area of-12-13%
previously observed in the EIS and T1 and Pb UPD experiments. Thus, no significant
underpotential deposition of Cd on the 3MPT-modifled regions of the Ag surface occurs.
These results further demonstrate the dependence of the Stokes' radius on UPD at
3MPT-modified Ag surfaces. Cd^"^ with a Stokes' radius (Rs) of 0.171 nm is
considerably larger than Pb^^ (0.133 nm) and Tl"^ (0.123 nm).^'^® Ignoring the defect
contribution, the 3MPT monolayer effectively inhibits Cd deposition because of steric
difficulties imposed by the larger ion. The Ag-S bond length is -0.3 nm^'^" which is
smaller than the diameter of the hydrated Cd^"^, thus blocking 2-dimensional growth of
the Cd monolayer while allowing 2-dimensional growth of T1 and Pb. These results
confirm those of Oyamatsu and co-workers, whose observations include that of the UPD
behavior of Cu^^ (Rs = 0.172 nm). The results presented later in this chapter address the
effect of UPD deposition on the 3MPT monolayer itself
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The absence of Cd UPD essentially proves the mechanism suggested in Fig. 3.8.
In order for this model to accurately represent the system, the Ag-S bond must be broken
as the monolayer is "stepped-up" to the new UPD surface. Thus, if the ion used for UPD
is too large to insert itself between the Ag and S atoms, the UPD model of Fig. 3.8 should
cease. This is indeed the case as both Tl^ and Pb^^ easily insert themselves into the
interface, with Pb^^ being slightly more hindered than Tl"^, while Cd^^ exceeds the
threshold size for insertion, thus demonstrating the size limit of the "step-up" model.

XPS. XPS was used in an attempt to understand the chemical and physical environment
of the underpotentially-deposited metal monolayer in the presence of the 3MPT
monolayer. Since the chemical environment of an atom shifts the atom's core binding
energies, it was hypothesized that the formation of a Ag-Tl-3MPT structure might be
reflected in the T1 4f peak energies. The chemical shift expected as a result of adsorption
of S to a monolayer of Tl" should be easily distinguishable from that of a bare T1
monolayer; because of the electronegativity of the S, the T1 peak should appear at a
slightly higher binding energy. Unfortunately, even though long integration times were
employed (100 ms dwell times, 24 scans), no evidence of Ti was observed at the surface,
despite its large relative sensitivity factor (RSF).
Fig. 3.13 shows a comparison of the S 2p region on a 3MPT-modifled Ag surface
immediately after hydrolysis and condensation and after Tl UPD. On the pristine surface
prior to UPD, a doublet is seen at 162.0 and 163.3 eV for the S 2p3/2 and 2pi/2,
"3 CO "3 cQ

respectively, which corresponds to silver-alkanethiol linkages. ' ' '

Close examination
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Figure 3.13

XPS of the S 2p region of the 3MPT-Ag surface a) before and b) after T1
UPD.
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of the high energy side of these peaks shows a small, albeit real, shoulder at -164 eV.
Peak fitting shown in the images suggests that the higher energy peaks lie at 163.0 and
164.3 eV for the S 2p3/2 and S 2pi/2 peaks, respectively. This increase in binding energy
can be attributed to the thiol bond oxidation, although these peaks do not correspond to
R-SO3" species which have binding energies -167 eV.^'^' Peak fitting suggests that -10%
of the total S species are in this elevated oxidation state. After UPD is performed, the S
2p peaks at 162 and 163.2 eV remain unchanged; however, the shoulder at -164 eV
disappears, suggesting removal of the oxidized thiol by the UPD process. These data are
consistent with the UPD data for multiple cycles for both Pb and Tl. Weakly-bonded
3MPT species (probably those with oxidized S groups) desorbs from the surface during
UPD cycHng. The absence of the more highly oxidized S in the XPS spectra after Tl
UPD confirms this assertion.
Since S can be seen (Fig. 3.13), with a RSF of ~l/7th that of Tl from (0.5 for S
2p; 3.5 for Tl 41),^ ®" it is clear that the Tl monoloayer is spontaneously oxidized and
removed from the interface prior to insertion into vacuum. Since the surface is removed
from solution under potential control, the oxidation likely occurs during the rinsing stage
during which the surface assumes open circuit potential (—0.2 V). Although, the absence
of Tl does not allow us to directly view an Ag-Tl-3MPT monolayer interface, these
results have proven usefiil for understanding the changes in the 3MPT surface before and
after UPD. The spontaneous oxidation of Tl from the interface indicates that an in situ
technique where potential control can be maintained throughout the experiment is
necessary for a complete picture of the 3MPT surface during UPD.
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Raman spectroscopy. To ascertain whether the 3MPT monolayer reorients as a result of
the UPD process, Raman spectroscopy was performed. Raman spectroscopy has a
distinct advantage over other techniques because of its relatively high sensitivity toward
orientation changes on surfaces due to surface selection rules.^'^^'^'®^ A further advantage
for electrochemical systems is the inherently low Raman scattering cross-section of
water, which allows changes of the 3MPT monolayer to be examined without significant
interference from the solution background.
The emersion approach was utilized for acquiring surface Raman spectra of
3MPT at Ag before, during and after T1 UPD voltammetry.^ ®^"^

In this approach, the

electrode rotates slowly through a drop of solution held at the surface by a small bore
capillary. A Pt counter electrode is inserted into a reservoir in the capillary, for potential
control, and a AgQRE is wrapped around the exterior of the capillary and inserted into
the solution between the capillary and the working electrode surface. As the sample
rotates out of the drop, a portion of the solution, that which interacts strongly with the
surface, is sheared from the bulk drop leaving a very thin layer at the surface, typically
< 5 nm for electrolyte solutions at metal electrodes.^'^^'^'^^ With the bulk solution
removed from the sampled area, small spectral changes in the film can more easily be
observed. Electrochemical control of surface potential is preserved through the
contacting solution drop. One other significant advantage to this approach is that longer
laser exposure times can be used without inducing changes in the surface chemistry,
because the electrode is constantly rotated through the laser spot.
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Effect ofTl UPD in the v(S-C)/v(Si-C) region. Previous reports of Raman spectroscopy
on 3MPT-modifed Ag surfaces indicate that upon hydrolysis and condensation, the
monolayer takes on a relatively ordered structure with the S-C bond largely parallel to the
surface and the C-Si bond largely perpendicular to the surface.^'Fig. 3.14
demonstrates the spectroscopic evolution of the 3MPT monolayer with T1 UPD in the
v(S-C)/v(Si-C) region, by taking spectra at open circuit potential before UPD (a), with a
monolayer of T1 at -0.65 V (b), after UPD at -0.20 V (c) and during bulk T1 deposition at
-0.80 V (d). Table 3.3 lists the peak frequencies and vibrational assignments for the
hydrolyzed and condensed 3MPT monolayer on Ag.
Vibrations in this region originate from C-heteroatom bonds and include the v(SC)g at 619 cm"', the v(S-C)t at 694 cm"', and the v(Si-C)t at 673 cm"'. These bonds are

critical for determination of the orientation of 3MPT monolayers. Additional peaks can
be seen in this region associated with the siloxane network including the Vs(Si-O-Si) at
520 cm"' and the

Va(Si-O-Si)

at 749 cm"'. Table 3.3 indicates that all of the peak

frequencies are nearly identical to those previously published, indicating a slight
difference in the treatment of 3MPT monolayers by different experimenters. There is a
slight systematic difference in the peak frequencies that can be attributed to differences in
the cleaning procedures used for preparing the Ag surface prior to monolayer
formation,^'^^'^'^^ as well as slight differences in calibration of spectra.^'^^'^ *''
Upon deposition of a partial T1 monolayer ( -25 %), several noticeable changes
are observed in the spectrum relative to bare Ag. First, the weak Vs(Si-O-Si) mode at 520
cm"' slightly increases in intensity and splits into two peaks at 510 cm"' and 530 cm"'
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Figure 3.14

Emersion Raman spectra in v(C-S) region of 3MPT-modified Ag under
T1 UPD conditions, 1 mM Tl^SOyO.! M K2SO4/2 mM H2SO4 at a) open
circuit potential, —0.20 V vs. Ag/ AgCl; b) -0.60 V vs. Ag/AgCl (-25%
of a T1 monolayer); c) -0.20 V vs. Ag/ AgCl; d) -0.80 vs. Ag/ AgCl (bulk
T1 deposition).
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Table 3.3. Raman Frequencies and Assignments for Hydrolyzed and Condensed 3MPT
on Ag Surfaces.
Frequency (cm")
3MPT/

3MPT

3MPT/Ag
after T1
522

3MPT/bulk
Tl/Ag
509, 529

assignment^

520

3MPT/
T1
510,530

524
627

619

627

624

632

v(S-C)g

684

673

682

678

682

v(Si-C)T

702 sh

694

710

707

710

v(S-C)t

757

749

741,760

750

744,764

Va (Si-O-Si)

801

792

797

797

797

v(Si-OH)

Vs(Si-O-Si)

905

CH2 rkt

950

v(Si-OH)
980

984

986

986

S04^"

998

995

1000

1000

1005

VS(C-C)t

1040

1034

1034

1034

1034

CH2 rkT

1082

1082

1082

1082

1130

1134

1134

1134

SOs^"

1176

CH2 twist

1174

1168

1242

1237

1241

1241

1247

CH2 wag

1334

1341

1340

1341

CH2 wag

1384

1384

1391

1384

1415

1423

1423

1425

CH2 scissor

1454

1458

1462

1462

CH2 scissor

mono = monolayer; G = gauche; T = trans; v = stretch; rk = rock.
" From reference 3.10.

127
indicating that the siloxane network at the outer edge of the monolayer is perturbed in the
presence of Tl. Secondly, upon deposition of Tl, the v(S-C)G mode shifts higher in
frequency by 8 cm"' to 627 cm"\ and the v(S-C)T mode shifts the higher frequencies by
18 cm"' to 710 cm"'. Furthermore, upon Tl deposition, the I[v(S-C)T]/I[v(Si-C)T] ratio

increases slightly from 0.5 to 0.6. Based on previous work in this laboratory,^ '" 3MPT
was proposed to be oriented with the S-C bond largely parallel to the surface and the Si-C
bond largely perpendicular to the surface. The slight increase in intensity ratio suggests
that the S-C bond becomes slightly more perpendicular to the surface while the Si-C bond
becomes more parallel to the surface due to surface selection rules associated with
Raman spectroscopy. This perturbation of the S-C bond at the metal surfaces leads to
reorientation of siloxane network at the terminus of the film. Furthermore, the splitting
of the v(Si-O-Si) modes suggests that this perturbation forces the siloxane linked region
to adopt a less uniform orientation.
When the Tl monolayer is stripped from the interface (Fig. 3.14c), the spectrum
only partially returns to its original appearance. The peaks that shifted to higher
frequencies upon Tl deposition return only part way to their original frequencies. Thus,
the v(S-C)G, v(S-C)T, and the v(Si-C)T modes remain higher than their original
frequencies by 5, 13 and 5 cm"', respectively. Although some irreversibility is exhibited
in the modes attributed to the alkane region of 3MPT, the splitting of the v(Si-O-Si)
modes disappears and these bands return to within 2 cm"' of their original frequencies
upon Tl stripping.
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When the potential is held high enough to deposit bulk Tl, there are yet more
spectral changes. In this region, the peak shifts are similar to those in Fig. 3.14b. First,
the Vs(Si-O-Si) is prominently split into two peaks at 509 and 529 cm'\ Unlike the
spectra in the presence of the partial monolayer, there is a clear shoulder which dictates
the two peak fit. Secondly, the v(S-C)G and v(S-C)T shift to higher frequencies 632 and
710 cm"', respectively, indicating a high degree of similarity between a bulk T1-3MPT
interface and the Ag-monolayer T1-3MPT interface. Furthermore, the v(S-C)T peak
relative intensity with respect to the v(Si-C)T peak changes. This ratio is even more
significant for bulk Tl deposition as compared to the partial monolayer. In this case, the
I[v(S-C)T]/I[v(Si-C)T] ratio increases from 0.5 to 0.8, indicating a more pronounced
perturbation of the monolayer from its original orientation compared to that in the
presence of a Tl monolayer. The Raman spectral changes for the partial monolayer as
compared to the bulk Tl deposition appear to be related to the coverage of Tl rather than
structural differences between the 3MPT monolayer and a bulk Tl monolith.

Effect ofTl UPD in the v(C-C) region. The v(C-C) region contains much less usefial
information about the structure of the 3MPT monolayer. This region highlights changes
in the alkane region of the monolayer which is only three carbon atoms long. For such a
short chain, with little interchain van der Waals interaction, this region provides only
minor insight into film organization. Fig. 3.15 shows Raman spectra in the v(C-C) region
between 900 and 1500 cm"\ There is little difference between the spectra taken with or
without Tl in the interface. These spectra do show, however, only a small amount of
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Emersion Raman spectra in v(C-C) region of 3MPT-modifled Ag under
T1UPD conditions, 1 mM TljSO^O.l M K2SO4/2 mM HjS04 at a) open
circuit potential, —0.20 V vs. Ag/AgCl; b) -0.60 V vs. Ag/AgCl (~25%
of a T1 monolayer); c) -0.20 V vs. Ag/AgCl; d) -0.80 vs. Ag/ AgCl (bulk
T1 deposition).

carbon contamination at the surface, since the region between 1200 cm"' and 1500 cm"'
does not dominate the spectra.^'®^'^'^'

Effect of Pb UPD on the Raman spectrum of 3MPT. Fig. 3.16 and 3.17 show Raman
spectra of 3MPT in the presence and absence of a partial Pb monolayer (Figs. 3.16b,
3.17b, and 3.16a, 3.17a, respectively) and during continuous Pb deposition (Figs. 3.16d,
3.17d). These spectra show no systematic changes that can be attributed to the presence
of Pb. Thus, even though the cyclic voltammetry indicates Pb deposition directly on the
Ag surface, the perturbation of the presence of Pb to the spectral response of 3MPT is
minimal, in contrast to the effect of Tl.

CONCLUSIONS
Of preeminent importance, 3MPT monolayers were shown to provide
exceptionally stable SAMs due to cross-linking of the (o-terminus while still providing
reactive, functional surfaces for additional layer fabrication. These UPD studies have
allowed a more detailed understanding of the interface as a whole while allowing a
concentrated look at the metal SAM interface. Tl and Pb are both shown to
underpotentially deposit at Ag surfaces in the presence of both 3MPT and butanethiol.
The 3MPT monolayers prove to disrupt the thermodynamic advantage to the UPD of
these white metals at bare silver surfaces resulting in shifts of 180 mV and 100 mV for Tl
and Pb respectively in the presence of a 3MPT monolayer. This is due to differences in
the energies of the Ag-Tl-S (Ag-Pb-S) and Ag-S bonding, as well as differences in the
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Figure 3.16

Emersion Raman spectra in v(C-S) region of 3MPT-modified Ag under
Pb UPD conditions,1 mM Pb(N03)/0.1 M NaC10y2 mM HCIO, at a)
open circuit potential, —0.20 V vs. Ag/AgCl; b) -0.38 V vs. Ag/AgCl
(partial Pb monolayer); c) -0.20 V vs. AgAgCl; d) -0.58 V vs. Ag/AgCl
(bulk Pb deposition).
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Figure 3.17

Emersion Raman spectra in v(C-C) region of 3MPT-modified Ag under
Pb UPD conditions, 1 mM Pb(N03)2/0.1 M NaC104/2 mM HCIO, at a)
open circuit potential, ca. -0.20 V vs. Ag/AgCl; b) -0.38 V vs. Ag/AgCl
(-50% of a Pb monolayer); c) -0.20 V vs. Ag/AgCl; d) -0.68 vs. Ag/
AgCl (bulk Pb deposition).
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reorientation of 3MPT under UPD conditions. Kinetic differences, which are dependent
on the relative sizes of T1 and Pb, are also noted in the increased peak separations of the
monolayer formation and stripping for Pb as compared to Tl.
Raman spectroscopy of the 3MPT monolayer during monolayer and bulk
deposition indicates that hetero-metal interfaces underneath SAMs alter the monolayer
structure. The metal adsorbate does have an effect on the amount of final structure of the
3MPT monolayer. In this case Tl has a markedly larger influence on the 3MPT
monolayer than Pb, largely due to the differences in the siarface geometry of the Tl
monolayer as compared to the Pb monolayer, which causes the 3MPT molecule to take a
skewed morphology at the surface.
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CHAPTER 4

DEVELOPMENT AND ANALYSIS OF ULTRATHIN SOL-GEL BASED
SILICA FILMS ON METAL AND SEMICONDUCTOR SUBSTRATES

INTRODUCTION
Silica films of well-defined thickness in the ultrathin regime (<10 nm) are of
considerable interest in many fields including the semiconductor and microelectronic
industries as insulating and dielectric layers/ '"'*'^ as platforms for new chemical sensing
schemes such as oxide interfaces for surface plasmon resonance spectroscopy (SPR)"^'"^,
and as novel formats for understanding the surface chemistry of oxide surfaces utilizing
techniques such as surface-enhanced Raman spectroscopy (SERS)"^'^. To facilitate new
nanoscale technologies, silica films must be dense, pinhole free, homogenous, have low
leakage current, high purity and low surface state densities.'*'^''^'^ On surfaces used in the
semiconductor industry, passivating films must be deposited in a manner that does not
damage the underlying substrate. Heat, harsh chemicals and excessive photon intensity
can adversely affect finished device quality.
Current methods for producing ultrathin silica films rely on high temperature
oxidation (^800 °C) of silicon or chemical vapor deposition (CVD) of silane (SiH4) in an
oxygen-rich environment.'^'^ In an effort to expand the range of surfaces available for
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silica film deposition, new techniques have been developed including vapor deposition of
silicon in a low-pressure oxygen ambient"^''''^'^ and CVD of silicon-containing
alkoxides"^'^""^ '^ or other volatile compounds."^''^''^'''^ Alternate approaches rely on the
sequential adsorption and oxidation of monolayers of chlorosilanes"^^^""^ '^ or cyclic
silanes.'^''^"'^''^ All of these methods require low-pressure deposition, high temperature
oxidation and/or high temperature annealing. To reduce the temperature necessary for
silicon oxidation, low temperature 02-Ar microwave plasmas have been used."^^"""^'^^
These advances have simplified the fabrication process, but none of the newer methods
produce films with dielectric breakdown potentials as high as or leakage currents as low
as thermally produced Si02 films.
Although sol-gel derived films have been shown to possess properties appropriate
as insulators in electronic applications,"'^^''^^'' no significant progress has been reported in
fabricating insulating silica films in the ultrathin regime from sol-gel techniques. Prior to
gelation, the sol is ideal for preparing thin films by the simple coating methods of
dipping, spinning, or spraying. Correlations between the microstructures of such silica
films and precursor sol conditions have been extensively reported, but they are mostly
limited to systems with [H20]:[Si] values below 50."^'^ Films that are tens of nm thick
from spinning and dipping'^'^^'"^'^'^ or aerosol/aerogel spraying"^'^^'"^'^^ have been reported;
however, these films require high temperature annealing for densification. There are a
A on 4 98
few reports of supported ultrathin silica/glass films deposited by sol-gel techniques. ' '

These films, however, have not been shown to be insulating under electrical or
electrochemical conditions.
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The approach described in this Dissertation for producing sol-gel derived ultrathin
silica films is similar to that of Allara et al."^'^^ in that the precursor sol is very dilute in the
silicate component {see chapter 2 for more detail). Allara's precursor sols typically
contained a H20:Si ratio of-16 diluted in ethanol and isopropanol. The method used
here relies on the acid-catalyzed hydrolysis of tetramethoxysilane (TMOS) at a pH -1.5
with a [H20]:[Si] value between 50 and 1000. Since TMOS forms metastable,
nanoscopic polymers between a pH of 1 and 5,'^'^ the extent of solution polymerization
prior to deposition in our approach is controlled through dilution. By increasing the
[H20]:[Si] ratio, cross-linking and aggregation are decreased'^^®''^'^° allowing control of
thickness of the resulting spin-coated film. Raman spectral data show that for solutions
diluted to 1000:1, no discemable condensation occurs.'^'^'^ A single Raman peak at 784
cm"' corresponding to pure silicic acid is seen during the first hour of reaction between
TMOS and H2O. For less dilute sol-gel precursor solutions, condensation reaction peaks
can be seen growing with time, but the predominant peak in even the 50;1 mixture is still
the silicic acid peak.
Minimal cross-linking of the silicate precursor occurs prior to film formation;
thus, the chemical homogeneity and wettability of the substrate surface is critical for
deposition of dielectric films. Metal surfaces such as Au and Ag provide reproducible,
uniform, conductive substrates for the support and subsequent electronic analysis of solgel derived films. However, when extremely dilute silica sol solutions (i.e. [H20]:[Si]
^50) are spin-coated onto bare Ag or Au substrates, little silica is retained or it is retained
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non-uniformly.'^'^' The inherently hydrophobic nature of Ag and Au prevent significant
wetting and adhesion of silica to the surface upon deposition.
To overcome the obstacles presented by bare metal surfaces, a number of
different methodologies have been developed to create oxide-friendly surfaces. These
methods include the use of a molecular linker, 3-(mercaptopropyl)trimethoxysilane
(3MPT) ^'*•^2-4.34

different metal oxide surfaces, such as hydrous Au-oxide, indium tin

oxide (ITO) and H-terminated Si(l 11). All four of these films feature either metal-oxide
or oxide/sol-gel like surfaces. Since the dilution factor for the Si component in the solgcl is so high, the surface must provide intimate chemical contact with the Si solution
component, and at least a small degree of sol-gel reactivity to form a covaient link to
solution species. Bare metal surfaces provide none of these attributes, which leaves them
bare after attempted spin-coating.

3MPT surface chemistry. Of these sol-gel "adhesives", the 3MPT surface has received
the most intense scrutiny in this laboratory (see Chapter 3, refs 4.32, 4.33). 3MPT
facilitates the wetting and adhesion of the sol-gel precursor by providing a sol-gel
interface for silica deposition. 3MPT has two distinct functional groups that facilitate
silica film formation. The thiol group self-assembles on these metals through welldefined alkanethiolate surface chemistry.'^'^^''^^^ Once assembled, the trimethoxysilane
functionality can be polymerized through hydrolysis and condensation reactions to form a
homogeneous and uniformly wettable surface with periodic free silanols which act as
anchor points for the thin silica film. Previous analysis in this laboratory has

demonstrated that less than 5% of the available Si-0 sites on the hydrolyzed and
condensed 3MPT surface are free silanols.''^^ These sites ultimately control the
wettability of the surface and provide reactive centers for the attachment of the sol-gel.
Although the chemistry that 3MPT brings to the interface provides chemical
compatibility for both metal substrates (Ag, Au, Cu, Pt, etc.) and sol-gel moieties, there
are inherent limitations to its use as an adhesive layer for thin film deposition. Since
water catalyzes the hydrolysis and condensation of sol-gel moieties, special care must be
taken to deposit 3MPT on the metal surface under very dry conditions. If 3MPT is
allowed to self-condense during monolayer formation, a three-dimensional 3MPT
polymer will form at the surface. This polymer matrix will undoubtedly produce a film
with some of its alkane character directed away from the surface, creating
inhomogeneous wetting behavior and regions that are incompatible with the aqueous sol.
For electronics apphcations, it is important to have interfaces that lack interfacial
charge traps that can cause premature breakdown of the films or other problems in
manufacturing. The 3MPT film can have water associated with the free silanols on the
surface. These pockets of water can be trapped at the 3MPT silica interface. Further
discussion of these charge traps is contained below in the electrochemistry section of this
chapter.

Au-oxide surface chemistry. Hydrous Au-oxide has also been used as an adhesive layer
for the deposition of sol-gel oxides. Au-oxide films are formed electrochemically as
shown in Fig. 4.1. The window for Au-oxide formation, which starts around 1.15 V,
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Electrochemical synthesis of a hydrous-Au-oxide surface. 1 M H2SO4;
v = 10 mV/s. The peak labeled * is a metal contaminant often seen with
these polycrystalline Au surfaces.
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shows a large amount of structure. The large oxidation peaks at 1.25 V and 1.40 V are a
ftinction of the multiple crystal structures of the Au disk used for this fabrication. The
resolution of these peaks from each other is also used as a measure of electrochemical
cleanliness.'^'^^ Two main crystal types of Au oxide can form under the proper
conditions, a compact (a-) or an overlying hydrous (P-) film. For our purposes, a
compact oxide, with little to no porosity, and a small degree of water retention is
necessary, to maintain structural stability, uniformity, and minimize the roughness of the
surface. Previous results have shown that the a-oxide film composition is AuO below
-1.3 V, and a mixture of AuO and AU2O3 at potentials above ~1

The a-oxide

growth is self-Hmited after approximately three monolayers, requiring -225 f^C/cm^ to
form.'^'^^''^'^^ The single narrow reduction peak in Fig. 4.1 indicates that the potential is
still below the inclusion of P-oxide formation of the polycrystalline Au. For the
preparation of sol-gel silica, the potential is swept at 10 mV/s from 0 V to the arrow in
Fig. 4.1, or ~1.5 V. The surface is emersed under potential control and rinsed with a
small amount of methanol prior to spin-coating. Au-oxide surfaces suffer from some of
the same issues of the 3MPT surface in that there may be large amounts of retained water
at the surface potentially causing problems with film stability for many possible
applications of these films.

Indium tin oxide surface chemistry. ITO surfaces have received intense attention in the
optical and optoelectronic industries as a transparent electrode material. Like the 3MPT
and Au-oxide surfaces, the interfacial chemistry of ITO is of ubiquitous importance for

the formation of stable, electronically-insulating sol-gel silica films. Recently, the
surface chemistry of ITO has been closely examined by a number of techniques,
including x-ray photoelectron spectroscopy (XPS) and cyclic voltammetry after utilizing
a number of cleaning techniques.'*'^^ This work examines three key parameters as a
function of the surface preparation protocol: the electron transfer rate for redox reactions
to physisorbed ferrocene-carboxylic acid and the relative surface coverage of ferrocenecarboxylic acid as well as the hydroxyl groups on the surface. These results suggest that
a simple air plasma cleaning protocol balances the relative coverage due to physisorption
without hindering electron transfer reactions, whereas other cleaning protocols showed
either diminished coverage or diminished electron transfer rates. Thus, this air-plasma
cleaning protocol was used for ITO surface preparation for sol-gel surface modification.
The surface prior to sol-gel deposition is hypothesized to be that shown in Fig. 4.2, with
surface-bound species of InOOH and In(0H)3. Provided that some of these "free"
hydroxyls are available for condensation reactions with solution sol-gel components,
these substrates should provide good, stable surfaces for sol-gel deposition. Additionally,
the pretreatment of these ITO surfaces does not add a significant amount of water to the
interface, imlike that of the 3MPT or Au-oxide surfaces, because the high temperature
generated in the Ar plasma chamber desorbs any physisorbed water.

Silicon surface chemistry. Si(l 11) is the final surface investigated for the deposition of
sol-gel silica films. Si provides a unique case in that the native oxide, which forms
spontaneously in ambient air, is chemically the same material as that being deposited.
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Figure 4.2

Surface chemistry of tlie ITO surface after air plasma cleaning. The
surface is dominated by hydrophilic InOOH and In(OH)., groups which
are available for chemical modification by sol-gel moieties.""
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The native oxide of Si is the primary gate dielectric used in the semiconductor industry
because of its relative ease of fabrication, and thus has been studied extensively

For

our purposes, we completely remove the native oxide with an HF etch, leaving a clean,
hydrophobic proton terminated surface (Fig. 4.3a). This surface provides a high degree
of reactivity for sol-gel deposition, but provides poor wetting-control for spin-coating.
To overcome this difficulty, the surface is mildly oxidized with piranha solution (3:1, 18
M H2S04:30 % H2O2). This leaves a thin, porous layer of the native oxide (Fig. 4.3b)
that is rife with reactive hydroxy! groups.'*'^^ The Si(l 11) surfaces will suffer the same
problems as those of 3MPT and Au-oxide, but provide a nearly atomically-smooth
substrate for many of the analytical techniques employed to study these sol-gel surfaces.

EXPERIMENTAL
Methodology. Substrate cleaning procedures and sol-gel fabrication techniques are
covered in detail in chapter 2. Additional details of specific experiments are covered
briefly here.

Surface plasmon resonance. Surface plasmon field resonance reflectivity (SPR)'^'^'
measurements were carried out in collaboration with Professor Wolfgang Knoll's
research group at the Max-Planck Institute for Polymer Research. The schematic of the
experimental setup used for SPR and for high temperature and pressure measurements is
shown in Fig. 4.4. Two methodologies were utilized for the SPR measurements. For
simple atmospheric pressure stability studies, a Kretschmann prism coupling concept was
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used for generating surface plasmons (Fig. 4.4b); in the case of the high temperature and
high pressure measurements,'*''' a pressure cell made from stainless steel with a Au-coated
surface grating'* '*''''^' was used (Fig. 4.4c). In the Kretschmann coupling, a prism is
contacted to the back side (glass) of a gold-coated microscope slide with the film-solution
interface opposite the prism side of the Au-film. For high-pressure studies, the surface
plasmon is excited with a grating, thus, the incoming light is on the solution-film side of
the interface. In a typical surface plasmon experiment, a p-polarized (transverse
magnetic, TM) He-Ne laser beam (632.8 nm) is reflected from a sample which is
mounted on top of a 0/20-goniometer while the detector D measures reflectivity (R)
changes as a function of angle of incidence of the incoming laser beam. A lock-in
amplifier coupled to both the detector and chopper then reads out the actual reflectivity
signal. These results are discussed in a largely qualitative manner to describe stability of
these sol-gel deposited silica films.

Solid-state measurements. Solid-state electronic measurements were performed by
Professor David Mathine in the Optical Sciences Center at the University of Arizona.
Silica films were fabricated according to the procedure outlined above and diode
structures were then fabricated in the Optical Sciences Center clean room. First, a thin
film of A1 ( « 0.5(im) was deposited on the oxide structure by vacuum-deposition. The
A1 film is patterned by developing Shipley 1813 photoresist through a shadow mask and
etching with a wet chemical etchant. The remaining photoresist is then removed with
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acetone. Capacitors of 40, 64, 80, 100, 200, 500, 640, 1000 and 1500 p,m in diameter
were fabricated by this methodology.
Impedance measurements were made with an HP4284A LCR meter. These
measurements were performed with a 1 V rms AC potential wave at 1 kHz. The bias
potential was maintained at 0 V. Capacitive values are extracted from the data by
modeling these solid-state structures as an ideal capacitor in parallel with the leakage
current concurrently in series with an ideal resistor.

RESULTS AND DISCUSSION
The physics of spin-coating dictate that these films are highly affected by the
frictional forces that the substrate applies to the sol drop deposited on the surface. Due to
the film's proposed dependence on surface wettability by aqueous acidic solutions, and
the necessity of the reactivity towards silica sol-gel solutions, it is important to have a
basic vinderstanding of at least the advancing water contact angle of the surface. Table 4.1
summarizes the results for these experiments. It is clear that all of these surfaces have
highly wettable structures, many of which contain a large portion of surface hydroxyls, or
a "dry" oxide interface. These structures are all compatible with sol-gel oxide chemistry,
but a larger degree of hydrophilicity should lead to more intimate contact with the sol-gel
films. Indeed contact angle measurements demonstrate that all of the surfaces in question
have sessile water drop contact angles < 25°. The surface must provide a large amount of
friction so that enough silica is retained in the surface solution layer to create continuous
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Table 4,1: Advancing water contact angle of the surfaces used for sol-gel silica
deposition.
Substrate

Contact angle (°)®

Ag-3MPT

25 ±5

Au-SMPT

21 ±4

Au-oxide

22

ITO (plasma cleaned)

17±2

Si (HF etch; piranha clean)

< 15

® n = 3 samples for each measurment.
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films over relatively large surface areas, because of the extreme dilution of the sol
solution.
Contact angle measurements for surfaces with low contact angles are, by nature,
difficult to make. Therefore, the error involved in repetitive measiirements is larger than
for hydrophobic surfaces. Additionally, these surfaces are quite susceptible to charged
contaminants such as dust interacting with the surface before or during the measurement.
This factor decreases the precision of these measurements, but does not devalue the
statistical analysis presented in Table 4.1.
Of the surfaces presented, Ag-3MPT has the largest contact angle at ~25°. This
surface has been shown previously to be chemically equivalent to Au-3MPT.'''^^ There
is, however, a slight discrepancy between the Ag-3MPT surface and the Au-3MPT
surface, which shows a slightly lower contact angle of 21 °. The slight difference in
contact angle between these surfaces is most likely attributable to the different bonding
density of 3MPT on Ag and Au. Although no direct evidence of 3MPT films interacting
differently on Ag and Au exists, secondary evidence based on the relative defectivity of
sol-gel silica films formed on 3MPT discussed later in this chapter suggests that there are
differences between 3MPT films (i.e. surface density and siloxane linkages) on these two
metal substrates.
In the absence of any defects (i.e. Si-OH groups), an Si-O-Si network is relatively
hydrophobic. However, for the 3MPT monolayers where ~5% of the available Si-0
bonds terminate as 0-H groups, the surface is quite hydrophilic. These silanol termini
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not only control the wetting behavior of the surface, but also act as sites for nucleation of
silicic acid condensation at the surface.
The semiconductor surfaces are more hydrophilic than the 3MPT-modified metal
surfaces. The increased polarity of these surfaces will increase the friction of the surface
presumably leaving a thicker sol-gel layer at the evaporation stage of the spin-coating
process. If this thickness increase is significant, sol-gel deposited films should be thicker
in their final state for a given sol-gel preparation.

Infrared spectroscopy of ultrathin silica films. RAIRS studies were utilized initially as
a simple determinant of the chemical nature of these silica films. Fig. 4.5a reproduces the
RAIRS spectrum from a film from sol 5 (~3 nm thick silica). These films, regardless of
the preparation or the thickness, have a peak at ~1226 cm"' corresponding to the
transverse optic v(Si-O-Si) mode of the Si-O-Si network at the surface. Surface selection
rules split this peak into the transverse optic mode at 1228 cm"' and the transverse
magnetic mode which appears as a shoulder at -1175 cm"'.'*'^^ The peak shapes are
independent of the film thickness or the precursor concentration in the range investigated.
The absorbance at 1226 cm"' plotted as a function of silica thickness (Fig. 4.5b), as
estimated from ellipsometric measurements, can then be used to calculate the effective
molar absorptivity of silica in the RAIRS format. Assuming the density of silica in the
film is uniform with thickness (~100%), a linear fit of these data produces the line Abs =
(O.OlO)d - 0.027 (R^ = 0.97), where d is the film thickness in nanometers. The large yintercept can be attributed to complications arising from baseline correction. This
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Calculation of the molar absorbtivity of sol-gel silica on Au. a) Sample
spectrum for a film from sol 5; 3.0 ± 0.3 nm, b) absorbance of the v(SiO-Si) network band at 1226 cm ' as a function of silica film thickness.
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relationship can be used to estimate silica film thickness on substrates that do not lend
themselves to ellipsometry, such as ITO (see further discussion below).
Fig. 4.6 shows RAIRS data for silica films of various thicknesses on ITO
substrates. These spectra are essentially identical to the spectrum presented in Fig. 4.5a.
The only significant change is seen best in the inset, an expansion of the 2000 - 850 cm"'
region from sol 5. This spectrum shows a clear background artifact, the negative "peak"
at ~1330 cm"'. This peak has several possible sources. The sol-gel precursor is an
aqueous/methanolic, dilute, hydrochloric acid solution (pH ~1.5). Since ITO is soluble in
HCl solutions, the sol-gel precursor could be slightly etching the outermost surface
during the deposition, spin-up and spin-off stages of the spin-coating process. Another
possible source of this peak is that the band is due to a siu-face bound species that
undergoes a covalent reaction with the silica in the sol preparation. Since this peak is so
narrow, it should not cause any difficulties in using RAIRS to calculate silica film
thickness on ITO. Examination of the inset in Fig. 4.6, confirms this assumption. Even
for the thinnest films, the negative peak on ITO does not overlap the silica peak at 1226
cm"'.

Behavior of water in the silica interface. Infrared spectroscopy provides a wealth of
information on the behavior of water and silanols at the interface. Previously, Cai
demonstrated that as the sol-gel dilution ratio approached 1000:1 [H20]:[Si], the water
envelope between 3000 and 4000 cm"' showed signs of "liquid-like" or bulk water, more
crystalline or ordered water, possibly monomeric water and most surprisingly, non-
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hydrogen bonded silanol species.An example spectrum in the water region for a 3 nm
thick silica film on 3MPT-modified Au is shown in Fig. 4.7. In this spectrum, v(O-H)
peaks at 3373 cm"^ assigned to surface-adsorbed water, and the shoulder at 3650 cm"',
assigned to hydrogen-bonded 0-H groups from water and SiO-H, are observed. Cai saw
a narrow peak at 3743 cm"' due to free SiO-H (non-hydrogen bonded), which is not
clearly present in this spectrum.
The relative absence of H2O present in these non-annealed sol-gel films are
unprecedented in the sol-gel literature. Typically, for thin silica films, the absorbance in
the v(O-H) region due to water dominates or is at least of similar size to that of the Si-0Si network at ~1220 cm'^ Clearly, Fig. 4.7 demonstrates that there is only a minute
amount of water in these films. This conclusion leads to the obvious question of where in
the film does the water exist? Since the water envelope shape is essentially that of bulk
water in conventional silica sol-gels, one can conclude that, the distribution of water
environments does not depend on silica preparation.
The peak absorbance at 3376 cm"' was plotted as a function of thickness in Fig.
4.8. This plot shows linear behavior for the v(O-H) absorbance with silica film thickness.
These data fit to the linear equation, Abs = (8 x 10"'')d - 1.4 x 10"^, (R^ = 0.98). These
results indicate that small amounts of water are distributed throughout the film. Thus,
these films can be thought of as thin silica gel films in that they are hydrated to a small
extent. Many examples of the presence of a thin gel layer at a silica surface exist. The
most historical example is the standard glass pH electrode in which a difference in pH on
either side of a thin glass junction is determined by the difference in behavior of a thin
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gel layer at each interface.'* ''^ The implications of the presence of a gel layer on the thin
silica films described here will be discussed later in this chapter.

Thickness of sol-gel films. To estimate the film thickness of these sol-gel silica films,
manual null ellipsometry has been employed as described briefly in chapter 2. For
ellipsometric measurements, substrate optical constants were initially determined for Au3MPT or Ag-3MPT substrates using the combined metal-3MPT interface as the substrate.
Refractive index values (n) for sol-gel silica films have been reported between 1.26 and
1.46, with denser films having a larger refractive index.'*'^ The extreme dilution of the
sol-gel preparations used in this work lead to highly-densified silica. This density has
been confirmed by low contrast in TEM imaging (see later discussion). Thus, for film
thickness calculations refractive index of n = 1.5 was used throughout this work.
Although using only a single wavelength (A, = 632.8 nm), the precision of the
results by ellipsometry cannot be assured, thus further techniques must be utilized to
confirm these results. Fig. 4.9 shows an AFM image of a large-scale defect in a thin
silica film. This defect was inadvertently formed during the spin-coating process. The
ellipsometrically-estimated film thickness for this film was 23 nm. Fig. 4.9a shows a 10 x
10 |am image of a large defect in this silica film The sol-gel thicknesses on either side of
the defect (Fig. 4.9b) are 16 nm and 27 nm, for an average of 21.5 nm. Although not in
perfect agreement with the ellipsometrically-estimated value, this value does confirm that
the optical estimate is correct to within an order of magnitude, and thus, an acceptable
parameter for use in comparing films.
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Several strategies can be used to easily and reproducibly control the resulting
thickness of these ultrathin silica films. The first and most obvious approach is to adjust
the dilution of the silica component of the precursor sol. Table 4.2 demonstrates this
effect for films formed with 50 < [H20]:[Si] < 1000. For simplicity, sol-gel formulations
will be referred to by sol 1 through sol 5 as described in Table 4.2 for all remaining
sections in this document. By controlling the sol-gel [H20]:[Si] precursor ratio, film
thickness can be adjusted fi-om -100 nm down to ~3 nm. Infrared spectroscopy of these
films indicates that the chemical compositions resulting from each sol-gel precursor are
chemically identical.'*'^^
ITO surfaces tend to produce slightly thinner sol-gel films than 3MPT-metal
surfaces. Table 4.2 summarizes the silica film thickness for ITO substrates determined
using RAIRS. These silica films range in thickness from 24 + 4 nm for sol 2 ([H20]:[Si]
« 100) to 1.7 ± 0.2 nm for sol 5 ([H20]:[Si] « 1000). Although ITO has a smaller water
contact angle than either 3MPT-modified Ag or Au, the resulting films are thirmer. As
noted above, one would expect that a more wettable surface should provide more
attractive forces to the charged sol-gel particles in solution. Thus, the friction acting
against the spin-off should be larger, leading to thicker films. Since the opposite effect is
observed, a dependence on surface chemistry for film nucleation must dictate the
thickness instead of the forces operative in a simple spin-off/evaporative model. Further
evidence for this can be seen in the electrochemical data presented later in this chapter.
Si(l 11) surfaces produce the thickest films of the substrates examined. Table 4.2
summarizes film thickness on Si(l 11). These silica films range in thickness from 62 nm
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Table 4.2: Silica film thickness from sol preparation concentrations reported as molar
ratios.'*'^^
Soil

Sol 2

Sol 3

Sol 4

Sol 5

[H2O]

50

99

198

396

990

[HCl]

0.03

0.06

0.1

0.2

0.6

[Methanol]

5

10

20

40

100

[TMOS]

11111

Thickness
on metal3MPT (nm)

87 ±3

37 ±2

18.3 ±0.7

7.8 ±0.3

3.0 ±0.3

Thickness
onlTO
(nm)^

39

22±4

11 ±4

5±2

1.9±0.2

Thickness
onSi(lll)
(nm)

62±1

38±1

28±1

17±2

9.9±0.6

Thickness
onSi(lll)
(nm)

16 ±1''

^ Reported thickness for ITO were calculated from RAIRS data. '' Silica was deposited
in two spin-coating steps with a single sol-gel precursor.
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for sol 1 to 9.9 nm for sol 5. For the thinnest films (sols 3-5), the increased thickness of
silica on Si is readily apparent. Since piranha cleaning of Si(l 11) produces an oxidized
interface, some SiOa is present on the surface prior to sol-gel deposition. The thickness
of this native oxide was estimated by first measuring the thickness of a film produced
from spin-coating sol 5 two times sequentially, producing a sol-gel film of twice the
thickness of a single sol-gel deposition. The resulting thickness of 16 + 1 rmi is the
combination of the sol-gel and the native oxide. For a single sol-gel deposition, the
resulting thickness is 9.9 ± 0.6 nm. This suggests that ~6 nm of silica are deposited in the
second spin-coating cycle. Assuming that the spin-coating parameters are equivalent at
the native oxide surface and a single sol-gel deposition, 6 rmi of silica are deposited in
each spin-coating step. This leads to a native oxide film of ~4 nm.
Fig. 4.10 summarizes graphically the data reported in Table 4.2. Several
interesting features of these plots warrant further discussion. When film thickness is
plotted versus [H20]:[Si] ratio for all substrates, the resulting curves fit well to a doubleexponential decay of film thickness with [H20]:[Si]. This behavior suggests differences
between the sol-gel preparations, such as their viscosity, mean particle size in solution, or
surface reactivity among a host of other possibilities. Previous attempts have been made
at modeling the spin-coating process in the literature.'*'^''*'^^''' ''^ In the seminal work on a
model for spin-coating, it was first assumed that the flow of solution at the surface
reached a stable condition (i.e. the centrifugal and viscous forces are equal, but opposite).
This model fails, however, because it does not accoimt for solvent evaporation and its
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contribution to increasing solution viscosity, a situation especially prevalent in sol-gel
systems.
The most advanced model of the spin-coating process, developed by Meyerhofer,
is usefiil for sol-gel systems.'*''^ In this model, solvent evaporation is treated entirely
separately from viscous flow. At short times, viscous flow dominates film thinning until
a transition point is reached at which the evaporation rate becomes equal to the viscous
flow rate. After this point, evaporation is treated as the sole thinning mechanism. The
double-exponential decay fit to the data in Fig. 4.10 is consistent with the idea that two
major processes control the thickness of the resulting film. Although the molarity of
TMOS in the precursor solution changes significantly from 1.1 M to 0.056 M, the
previously reported Raman spectroscopic data'*'^^ suggests that viscosity changes with
time due to polymerization of the silanes in solution should be small. However, as
solvent evaporates, the viscosity change for the more concentrated solutions should
increase more rapidly than for the less concentrated solutions. Further complexity arises
due to the higher concentration of methanol in the lower [H20]:[TM0S] precursor sols as
a result of TMOS hydrolysis. In addition, condensation reactions at the surface of the
growing silica film occur more frequently for the higher concentration sol-gels because of
a higher film-monomer encounter frequency. Since sol-gel condensation is primarily
limited to the thin layer of solvent at the silica-solution interface, unprecedented
uniformity is maintained in the films.
Fig. 4.10 highlights a significant chemical aspect to the resulting film thickness
values. The frictional component of force holding the sol-gel to the siirface carmot be

164
described simply by estimating the contact angle of the surfaces. If so, the silica films
formed would be thicker on ITO than on 3MPT-modified metals. There must be specific
chemical interactions occurring at the surface of the 3MPT-modified metals that do not
occur at ITO. This can be seen further when the data are plotted as thickness as a
function of [TMOS] as in Fig. 4.11, rather than versus [H20]:[Si]. Plotting in this way
linearizes the thickness response for each of the three substrates. Two features stand out
in these results. First, the slopes of the lines are significantly different with the highest
being 281 nm/M for 3MPT and the lowest being 124 nm/M for ITO. These results
indicate that the growth of silica films on 3MPT-Au for a given change in TMOS
concentration is twice that on ITO. One would expect that this difference would
eventually disappear as more viscous sol-gel precursors are deposited, but these
conditions are clearly out of the range of the [H20];[TM0S] ratios investigated here. The
second significant feature of these data is the relatively large value of the y-intercept
observed for the Si film. This intercept can be attributed to the presence of the native
Si02 layer on Si described above. The thickness of 11 nm for this native oxide layer
suggested by the intercept value in this plot represents a more accurate estimate than the
4 nm suggested above.
A second, more consistent, way to tailor film thickness is to utilize multiple spincoating depositions of a single sol-gel precursor. Films were prepared by multiple spincoatings of sol 5, each spinning for 60 s as for single depositions. Immediately after the
60 s spinning cycle, an additional sol increment was immediately deposited and the
sample spun for another 60 s. These sequential steps were repeated until the desired film
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was prepared. The film thickness results for this approach are simimarized in Table 4.3.
These films increase in a nearly linear fashion over the range of spin-coating steps that
were attempted. By simply depositing multiple layers of sol-gel, the surface can be built
up from the smallest precursor particles. This methodology can be used in applications in
which small thickness changes can have significant impacts on the final resulting
behavior. This eliminates any physical changes that can occur in the sol-gel films due to
precursor concentration.
A third strategy can be adopted for film thickness control: alteration of substrate
rotation rate. Although this method can be effective in changing film thickness, it is much
more effective for understanding the dynamics of spin-coating in these ultra-dilute
systems. Table 4.4 and Fig. 4.12 demonstrate thinning of the sol-gel film as the rotation
rate is increased. Meyerhofer's predictions for spin-coated film thicknesses suggest that
a polynomial decay in thickness according to equation 4.1 should dominate,

(4.1)
A

where pa is the mass of volatile solvent per unit volume (density) of sol solution in
•5

'1

kg/m , PA is the initial density of the sol solution kg/m , r) is the viscosity in kg/(m s), e is
the evaporation rate in m/s and to is the rotation rate in rad/s.'* ''^ Typical treatments of
this data fit the results to the polynomial decay function
d - aco ^

(4.2)
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Table 4.3: Silica film thickness as a function of multiple depositions of sol 5 on 3MPTmodified Au.
Elliposmetric
Number of Depositions
Film Thickness (nm)
1

5.9 ±0.2

2

9.4 ±0.1

4

19.7 ±0.2

8

26 ± 1

10

38 ± 3

16

54 ± 6

Table 4.4; Silica film thickness dependence on the substrate rotation from sol 5.
Substrate rotation (rpm)

Ellipsometric
Film thickness (nm)

1505

6.4 ±0.2

1754

6.8 ±0.9

2002

6.8 ± 0.5

2252

5.6 ± 0.2

2510

4.7 ±0.1

2753

4.9 ±0.1

3003

5.0 ±0.1

3254

4.8 ±0.1

3507

3.6 ±0.1
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where a is the combined dependency of the solution properties. Fitting the data in trace
4.12a results in a = 15.9 nm s"^'^/rad"^'^ with a resulting

= 0.74. Another, more

accurate method for examining the experimental factors of the experiment is to linearize
the data by plotting the thickness (d) against

This treatment is shown in Fig. 4.12b

with a resulting trendline of d = 1.9 x lO'^co'^'^ + 5.6 x 10'^" with an

= 0.76. It is

instructive here to estimate the evaporation rate by examining the parameters of equation
1. Since the solvent is initially a water/methanol mixture of ~10/1 [H2O]:[methanol]
composition, pA can be estimated to be a linear combination of the Pwater = 1000 kg/m
and pmethanoi = 990 kg/m^ for a combined initial density (PA) of 990 kg/m^. The viscosity
is assumed to be that of a methanol/water mixture or 0.89 cP or 8.9 x 10"'* kg/(m s).
Using the linear fit and entering these values into equation 1 results in an estimated
evaporation rate of 5.2 nm/s, which is in agreement with previously reported values.'* '*^
With such exquisite control of thickness, these films offer a significant advantage
to typical ultrathin silica film formations in that they can be built-up to their desired
thickness rather than formed and etched down to the desired thickness.'*'^ Due to this
constructive film formation, potentially damaging etching steps are not required. This
simplifies all fabrication for potential devices in which these materials will be used.

Film morphology. Transmission Electron Microscopy. The nanoscopic morphology of
these films plays an important role in the electronic quality of these films. Homogeneity
is of ubiquitous importance for incorporation of these films into electronic devices.
Before any fiirther discussion of sol-gel film properties, the nanostructure of these films
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must be examined. Fig. 4.13'''^' shows a transmission electron micrograph of a film
formed from sol 3 on a perforated carbon-coated Cu TEM grid. The region shown is
where a thin layer of silica overlaps the interstitial space in an opening of the carbon
coating (bottom and right sides of the image). Several features of this image warrant
discussion. The first, and most important, is that the film fi-om this preparation is
continuous, i.e. no obvious defects in the image. Second, the film is surprisingly dense,
providing little contrast in the center region of the film. At the edges of the film, some
underlying structure can be seen. Although these features are somewhat distorted by the
ultimate resolution of the instrument, small aggregates can be seen with dimensions
smaller than 1 nm. These structures are likely a combination of solution aggregates prior
to deposition and aggregates that form during solvent evaporation in the sol-gel
condensation. The absence of observable porosity in these films can be rationalized by
the dilute nature of the precursor solution. Since hydrolysis and condensation occur in a
pH region where small metastable particles are formed, condensation is likely to be the
limiting step in particle formation in these solutions due to their extreme dilution.'' ® This
effect leads to a solution dominated primarily by free silicic acid and weakly branched sol
particles of nanoscopic dimensions (< 1 nm). By spin-coating these precursors onto
reactive surfaces, solvent evaporation is rapid (see estimate in previous section), thus,
dense, pore-free films develop.
Although the substrates for TEM imaging are significantly different firom the
surfaces used for thin film formation, the actual structure of the sol-gel portion of the
films should be retained in both geometries. Electron diffraction (Fig. 4.13 inset) shows

Figure 4.13 TEM of an ultrathin silica film formed with a H^OrSi molar ratio of 200:1.
Inset. Electron diffraction pattern. Reproduced from Ref. 4.29. Reproduced
with permission from Cai, M; Ph. D. Dissertation, University of Arizona, 1997.""
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diffuse rings indicating a completely amorphous structure. This amorphous nature should
be preserved when the films are cast onto planar substrates.
Films from less dilute sol preparations are expected to have a slightly different
particulate nature prior to spin-coating. Indeed, Raman spectral data show that solutionbased condensation products are more prevalent in the less dilute sol-gel precursors.'*'^^
This factor should lead to larger silica particles deposited onto the surface. Fig. 4.14
demonstrates this effect. A solution of sol 2 was spin-coated onto a similar carboncoated Cu TEM grid. Several differences between this image and that of Fig. 4.14 can be
observed. The contrast is not as great in the TEM in Fig 4.14 as in Fig. 4.13 suggesting a
less dense silica network. If the particles in sol 2 are larger than in sol 3, it would be
expected that packing would be less efficient, and thus, less dense films would result.
The second and more obvious feature is that the mean particle size increases from < 1 nm
for sol 2 to ~5 nm for sol 3. This result confirms that the condensation of these dilute solgel precursor solutions is limited by the extreme dilution of the preparation.
TEM data are rather limited for obtaining morphological data for the thinnest
films made from sols 4 and 5, because these precursors do not provide high enough
contrast for imaging. Moreover, the cohesiveness of these films decreases as the Si
component is diluted. This effect is evident in the TEMs of films formed from sols 2 and
3. The film from sol 2 spans the entire gridspace creating a well-supported silica film
over relatively large areas; the film from sol 3 can only be imaged in regions of the
gridspace where droplets of the sol dry. Under no circumstances did films from sols 3,4,
or 5 span an entire gridspace. This limits the effectiveness of TEM to films fabricated

Figure 4.14 TEM of an ultrathin silica film formed with a HjOrSi molar ratio of 100:1.
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from the less dilute precursor sols. For ftirther and more complete comparison of film
morphology, AFM was utilized.

AFM. Previously, AFM was performed by Dr. M. Cai'^'^^on silica films formed on
3MPT-modified vapor-deposited Au surfaces. Typically, such vapor-deposited Au-onglass surfaces exhibit a root-mean-square (rms) roughness of 1.1 nm. Silica films
deposited on these Au surfaces in the range of ~8 to ~30 nm were shown to conform to
the morphology of the underlying Au substrate. However, as thicker films were
deposited, the surface roughness was observed to diminish, and the rms systematically
decreased with increasing silica film thickness. Therefore, due to the presence of
inherent roughness on the substrates used for silica film formation, AFM exhibits a
surface morphology that reflects a convolution of the substrate roughness and the silica
film roughness, with the relative contributions of each a function of their relative sizes.
In order to directly compare the silica film morphology on ITO and Si substrates
with that observed by Cai on vapor-deposited Au substrates, AFM was performed. Fig.
4.15a-d show AFM images of silica films on ITO for sols 2-5, respectively. The ITO
substrates used in this study have a rms roughness after air-plasma cleaning of ~1.4 nm
for 5 fxm x 5 |a.m images. As for silica films deposited onto 3MPT-modified vapordeposited Au, the surface tends to become smoother as thicker films are deposited. For
these surfaces, the rms roughnesses are 0.69 nm, 0.40 nm, 0.26 nm and 0.20 nm for sols
5, 4, 3, and 2, respectively. Although the mean particle size of silica in these sols
increases with decreasing dilution, the roughness of the substrate becomes dominant once
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Figure 4.15 AFM images of sol-gel silica films on ITO from different sol
preparations, a) sol 2, b) sol 3, c) sol 4, d) sol 5.
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the mean particle size of silica in the sols becomes smaller than the rms roughness of the
substrate, thereby masking any morphological differences due to silica film structure. It
is also interesting to note that the rms roughness, like film thickness, decreases as a
double exponential with [H20]:[Si]. This relationship suggests a direct correlation
between film thickness and smoothing of roughness features of surfaces larger than the
mean particle size of the deposited sol.
Images for sol-gel modified ITO were also recorded on the 1 |am x Ijam scale to
attempt to see more detail in the sol-gel structure. These images are shown in Fig. 4.16
for films made from sol 2 (a), sol 3 (b), sol 4 (c) and sol 5 (d). The same smoothing
feature that was evident in the 5 |j.m x 5 |am images is present in these images without
any significant detail due to the sol-gel structure masked by roughness features of the
underlying ITO.
To overcome the limitation imposed by substrate roughness in investigating the
morphology of these films, a smoother substrate must be used. For these experiments
Si(l 11), with a rms roughness of « 0.1 nm for a 1 |am x Ijxm image, was used. This
atomically smooth single crystal surface has the advantage of not contributing substrate
roughness to the image. Thus, silica-film nanoscale morphology can be examined
directly. Fig. 4.17 shows AFM images of silica films from sol-gel preparations 1-5.
Upon first examination, there appears to be little difference between these 1x1
images. In fact, the rms roughness of these films is 0.98 - 0.12 nm for each film
regardless of the sol-gel preparation. This independence of preparation on the rms
roughness suggests that the instrumental noise is the responsible for the limiting rms
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Figure 4.16 AFM images of sol-gel silica films on ITO from different sol
preparations, a) sol 2, b) sol 3, c) sol 4, d) sol 5.

Figure 4.17a AFM images of sol-gel silica films on Si02/Si(l 11) from different sol-gel preparations, a) sol 1, b) sol 2, c)
sol 3, d) sol 4, e) sol 5. RMS roughness for these films are between 0.95 and 1.2 with no dependence sol
preparation.

Figure 4.17b AFM images of sol-gel silica films on SiOj/SiCl11) from different sol-gel preparations, a) sol 1, b) sol 2, c)
sol 3, d) sol 4, e) sol 5. RMS roughness for these films are between 0.95 and 1.2 with no dependence sol
preparation.
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roughness values. Although there is a clear dependence of the image on the sol
preparation, this is not translated to a different rms roughness because the actual recorded
peak-to-valley height changes from image to image are only between 0.5 and 0.8 nm.
Close examination shows that the roughness features differ slightly due to the
preparation. One would expect to see particle size increase with decreasing [H20]:[Si].
In the film from sol 1 (a) there appears to be some larger aggregates of sol particles seen
by the lesser uniformity of the height image over the entire sample. This is clear when
compared to the film made from sol 2 (b), which qualitatively shows more uniform
height data than sol 1. Changes from sol 2 to sol 4 do not appear significant within the
resolution of these images. Sol 5 (e), however, shows a further change in the mean
diameter of the particles in the x,y plane appear significantly smaller than those in any of
the previous sols. However, due to the amorphous nature of these surfaces, and the
relative size of these features, the resolution of our images is not great enough to quantify
these differences.
AFM imaging has proven to be a consistent, reproducible method for examining
surface microstmcture of these films. Since the underlying substrate roughness hinders
the sensitivity of AFM to small changes in the surface, only the films prepared on
atomically smooth substrates can be accurately utilized to draw conclusions about film
surface morphology.

Film stability in solution: surface plasmon resonance (SPR). For these films to be
incorporated into solution-based devices such as planar surfaces for DNA chips with
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SPR-fluorescence detection, they must be stable in the buffer solutions used for these
types of experiments. Typically in the Knoll laboratory, thermally-deposited SiOx films
were prepared on bare noble metals (Au, Ag) in vacuum.'* '^ These films are plagued by
stability problems when tested in a phosphate buffer system (PBS, 0.1 M) solution.'* '* An
inherent problem of vapor-deposited SiOx films is the unstable interface between the
noble metal and the silica layer, which is easily eroded in the presence of solvents in
contact with the SiOx surface."' '* Additionally, these films must be stable under high
temperatures and pressures for certain surface modification techniques.
Surface plasmon resonance spectroscopy has been used to examine the sol-gel
silica film stability for use as platforms for biomolecular studies. Sol-gel silica films are
compared directly to the thermally deposited SiOx surface to obtain data on the relative
stability of silica films based on the two methodologies. Fig. 4.18 shows a typical SPR
reflectivity experiment in ethanol of a bare 50 nm thick Au substrate (0Au,min = 59.2°),
and the corresponding shift in the resonance angle when a thin dielectric material is
deposited, in this case 3MPT (03MPT,min = 59.5°). These curves demonstrate the
reflectivity of the HeNe beam as it is rotated through the resonance angle of the Au
surface, before and after self-assembly of the 3MPT monolayer. The dielectric nature of
the 3MPT film shifts the resonance angle according to Fresnel's equations governing
reflection (see chapter 2 for details). Since such small changes in the interface have such
easily detectable changes in the angle of resonance, SPR can be used to examine the
stability of these silica films as a function of time.
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Figure 4.18 SPR comparison of bare Au (•) and 3MPT- modified Au (°). Au films
are 50 nm thick vapor deposited directly onto BK7 glass without an
adhesive layer. Measurements are performed in ethanol.
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Fig. 4.19 demonstrates SPR response as a function of time for SiOx vapor-deposited onto
bare metal surfaces and sol-gel coated metal substrates. These data are collected by
monitoring the relative reflectivity of the substrate in SPR geometry at a fixed angle as a
function of time. The angle used, -58° for Au substrates, is at or near the steepest region
of the resonance dip. In this region, small shifts in the resonance angle lead to large
shifts in the relative reflectivity. The reactivity of the noble metal has an important part
to play in the overall stability of these layers. Although thin Au films are stable without
an insulating film as seen by the flat line of Fig. 4.19a, indicating no degradation of the
surface, adding a silica film opens a host of other chemical species, such as chlorosilanes,
and alkoxysilanes as surface modifiers. When thermally-deposited SiOx-modified Au is
used, the reflectivity decays rapidly with time (Fig. 4.19d). This decay indicates that this
film is unstable and delaminates from the surface. When the sol-gel silica films are used
(Fig. 4.19b, and c), there is no degradation of the reflectivity over the 100 min duration of
the experiment.
Since Ag produces a narrow surface plasmon resonance and also generates a
higher field enhancement, stable films of SiOx obtained on Ag can be used extensively in
many fluorescence and sensoric applications.'*'^^ However, Fig. 4.19g shows that bare Ag
films show a decay in the reflectivity as a fiinction of time. Unlike films on Au, those
made from Ag are easily oxidized under the influence of salt present in the buffer
solution. Fig. 4.19f shows the result from a vapor-deposited SiOx film on Ag. These
films show less decay than the bare Ag surface but the reflectivity decreased by ~25%
over 100 min. The decrease in reflectivity with time indicates that the SiOx film is
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eroding from the interface, indicating instability of the films. The eroding surface
precludes use of these surfaces in any solution-based scheme. When a ~30 nm sol-gel
silica film (sol 2) is used (Fig. 4.19e), there is no degradation of the reflectivity signal
over 100 min.
The stabilities of the sol-gel deposited silica films from sols 2 and 3, that are 15
and 30 nm in thickness, respectively, on 3MPT-modified Au (Fig 4.19b,c) and from sol 2
on 3MPT-modified Ag (Fig. 4.19e) are quite remarkable when compared to thermallydeposited SiOx films. This stability arises from two primary sources. First, the silica film
is tethered to the metal substrate by metal-thiol covalent linkages through the 3MPT
layer. Secondly, the sol-gel film forms a continuous protective layer, effectively
blocking the metal substrate from all oxidizing agents. Thus, these films could prove
invaluable for SPR detection schemes when silane coupling agents are necessary.

Stability of sol-gels at elevated temperatures and pressures. In addition to presenting
a platform onto which further functional layers can be assembled utilizing different
processing steps, the sol-gel silica films prepared here were also evaluated with respect to
their ability to withstand severe thermal and chemical conditions. One example is the
binding of biotin onto the sol gel films, by biotin silane, a trimethoxysilyl-modified
biotin, and an co-(trimethoxysilyl)propylamine spacer. In the coupling procedure used for
biotin silane, the surface is first treated with a solution of 0.1 M KH2PO4 (10% v/v) and
0.1 M K2HPO4 (90% v/v) to maximize the number of surface silanols. The surfaces are
then dried under vacuum prior to immersion into the biotin silane solution (10 mol %

biotin silane, 90 mol % amino silane spacer in methanol). The condensation of the biotin
silane and the amino silane were carried out under vacuum at 120°C for 24 h. Here, the
focus is on the variation of temperature and pressure to investigate the stability of the solgel silica films. The measurements were carried out using the high-pressure cell with the
pressure medium being a mixture of acetone and ethanol (47.7% / 52.3%). This solvent
was chosen with regard to measurements on PMMA brushes as it is, at 25 °C, a theta
solvent, a solvent system that provides an exact composition for the excluded volume
effect, for that particular polymer.'* '^''
Fig. 4.20 siraimarizes the results at 10 MPa and 80 MPa at a sol 3 based surface.
The resonance angle of the minimum was monitored as a function of time while the
temperature was subsequently increased fi-om 50 °C to 140 °C in 10 °C steps. Each
temperature was kept constant for 2 h while the resonance angle was continuously
monitored. At the end of the measurement cycle, the starting temperature was
reestablished again in order to verify whether the high temperature had damaged the film.
As can be seen, the resonance minimum stays constant at the different temperatures,
which also implies that the optical thickness of the layer is constant and that the film is
stable. Also, after the entire temperature cycle is completed by cooling down again to
room temperature, the minimum angle matches the one measured at the begitming of the
cycle, which is additional evidence of layer stability. The decreasing resonance angle
with increasing temperature is due to the change of refractive index of the pressure
medium whereas the optical thickness of the sol-gel layer stays virtually constant. This
can be seen by comparing the curves of bare Au with those having a sol-gel film. When
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Figure 4.20 Comparison of the minimum resonance angle of bare Au (dashed) and Au covered with a solgel silica film prepared from sol 2 (solid) as a function of time in 47.7%/52.3% (v/v)
acetone/ethanol. While recording the minimum angle, the temperature is increased in 10 °Csteps from 50 °C to 140 °C and decreased continuously back to 50 °C again, a) pressure of 10
MPa, b) pressure of 80 MPa.
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increasing the pressure, the shape of the curve remains the same whereas the respective
resonance minima are shifted to somewhat larger angles. It appears that pressure has no
deleterious influence on the stability of these sol-gel silica films.

Electrochemical characterization of sol-gel silica films. The stability data from SPR
and the TEM data suggest that continuous, defect-free films are formed by the sol-gel
technique. To be useful as a gate-dielectric material or an intermetal-dielectric in
semiconductor processing, the electronic behavior of these films must be understood.
Initial electronic characterization of these films relied on solution-based electrochemistry
in order to make simple, quick measurements of film behavior. In presenting these
results, each substrate is discussed separately.
The insulating properties of silica films on 3MPT-modified Ag were examined to
determine their quality, stability, and applicability for electronics applications. Fig. 4.21
demonstrates cyclic voltammetry of the Ag/3MPT/silica interface for 3 nm thick silica
film in 0.1 M NaC104. Clearly, the current observed in this potential sweep is purely
capacitive over the entire potential window of the experiment, ± 8 V. The complete lack
of observable redox current for Ag oxidation (> 0.2 V) and solvent breakdown (<-1.5 V)
demonstrates that these films are pinhole free on a molecular size scale. Films that
exhibit such behavior are termed "defect free" in the subsequent discussion. In a
previous study, the potential window was increased to ±10 V with completely insulating
behavior noted.'*'^^ From the voltammogram in Fig. 4.21, the leakage current is estimated
to be <2 pA/cm^, and the dielectric breakdown voltage is estimated to be >33 MV/cm, on
the same order as thermally-deposited SiOx on Si, the long-time standard for
semiconductor processing.'"
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Figure 4.21 Cyclic voltammogram for a perfectly insulating ~3 nm thick silica film
on 3MPT-modified Ag in 0.1 M NaC104. Scan Rate =100 mV/s.
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With confidence that films can be made "perfectly" insulating, understanding the
capacitance becomes important. Since capacitive current scales linearly with capacitance
according to the equation,

i = vC

(4.3)

where i is the current, v is the sweep rate and C is the capacitance of the film, or the
interface, the capacitance of an insulating film can be estimated by plotting the capacitive
current as a function of sweep rate. Fig. 4.22 demonstrates this behavior for a sol-gel
silica film 87 nm thick on 3MPT-modified Ag. The slope of the line is ~10 pF for a silica
film of ~0.18 cm^ surface area. It is instructive to point out that the stray capacitance of
the potentiostat used for this experiment (the BAS-IOOB electrochemical workstation) is
on the order of 10 pF (for further detail see Chapter 2). In the case of electrochemical
systems, the stray capacitance is primarily introduced into the measurement through the
measurement cables, which are coupled in parallel to the measurement itself. Thus, the
stray capacitance adds directly to the capacitance of the measurement. In this case,
because of a very small silica film capacitance, the magnitude of this stray capacitance
precludes any quantitative discussion of the silica film data, since the stray capacitance
dominates the response. However, it should be stressed that when the stray capacitance is
measured the film capacitance must be lower than the stray capacitance. This will be
discussed more thoroughly in the next section.
Defect-free films represent a significant, but minority fi-action of all the observed
behaviors of these sol-gel silica films. Current-voltage plots of "defective" films show a
range of behaviors. For example, in the voltammogram in Fig. 4.23, film resistivity is
present based on the observation of an iR slope superimposed on the charging current.
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Figure 4.23 Cyclic voltammogram for a 3 nm thick silica film on 3MPT-modified Ag
in 0.1 M NaC104. The response of this film is dominated by highly
resistive pinhole defects. Scan Rate = 100 mV/s.
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From this slope, the film resistivity is calculated to be ~1 MQ cm^. Films such as these,
with resistances large enough to show nearly pure iR drop over a large potential range,
are classified qualitatively as nanoscopically-defective. That is, these defects are too
small to allow electroactive ionic species to diffuse to and from the electrode surface;
thus, no bulk electrochemistry can be seen in the voltammograms.
The defects can extend to the microscopic size levels as shown by the
voltammogram in Fig. 4.24. In this voltammogram, a 20 nm thick silica film is cycled in
1 mM Ru(NH3)6^V0.1 M NaCl at 100 mV/s. A sigmoidal current response is measured
with a limiting current of ~3 fxA/cm^. This response is suggestive of an array of
microscopic electrodes without overlapping depletion regions; thus, current is limited by
radial diffusion.
Fig. 4.25 confirms the hypothesis that the limiting current shown in the
voltammogram of Fig. 4.24 is due to an array of microelectrodes at defects. The image in
fig. 4.25 is an optical micrograph of a silica film on 3MPT-modified Au with
electrochemically-polymerized poly-3,4-diethoxythiophene growth in the defects of the
film. These defects appear randomly across the surface, and can range in size from nm to
several lO's of |j,m. Films of this sort are functionally useless as insulating or protecting
layers and are not further discussed in this dissertation.
To further examine the electronic properties of these films, electrochemical
impedance spectroscopy (EIS) was used.'* '"^ Representative data (Fig. 4.26) from a 5.8 ±
0.3 nm "perfectly" insulating silica film on 3MPT-modified Ag in 0.1 M NaC104 further
demonstrate its insulating properties. The Nyquist plot (imaginary impedance vs. real
impedance. Fig. 4.26a) exhibits a vertical line at ~0 Q on the Zre (the real component of
the complex impedance) axis. By extrapolating the data in the Bode plot format (Fig.
4.26b) to the y-intercept (log co = 0), where the total impedance is Z = 1/C, the
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Figure 4.24 Cyclic voltammogram for a 20 mn thick silica film on 3MPT-modified
Ag in 0.1 M NaCl/1 mM RuCNHj)/'. Scan Rate = 100 mV/s.
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Figure 4.25 Optical micrograph of typical pinhole defects on 3MPT-modified Au.
Poly-3,4-diethoxythiophene (PDEOT) was grown electrochemically by
cycling the potential from 0 V to +1.4 V vs. AgQRE in a solution of 2
mM 3,4-diethoxythiophene, 0.1 M LiC104, 10% methanol in water. The
dark regions indicate PDEOT growth. The boxed area represents the
only region imaged by the AFM tip.
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Figure 4.26 EIS of a completely insulating 5.8 ± 0.3 nm ultrathin silica film on 3MPT-modified Ag.
a) Nyquist plot, b) Bode plot of total impedance and phase angle as a function of
frequency. Experiment (open triangles and open squares) run with a 0.5 V vs. Ag/AgCl
dc bias with a 100 mV rms ac sine wave superimposed. System stray capacitance
(triangles) is ~l-5 pF, well below the total fihn capacitance.
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capacitances of the films are estimated to be 20-80 pF/cm^ with an average phase shift of
89°-90°. These values are well above the stray capacitance (which adds directly to the
measured capacitance) of the EG&G potentiostat (~1 pF) used in the measurement (Fig.
4.26b, A, see chapter 2 for more detail). The input resistance of the potentiostat (~4
1^
X10 Q, Fig. 4.26b, A), and the sub-pA currents prohibit the accurate determination of
the dc resistance of the perfectly insulating films fi"om these EIS measurements.
These experiments have been performed at a number of electrolyte concentrations
ranging from saturated NaCl to 18.2 MQ cm water. As shown in Table 4.5, the measured
capacitance ranges from 43 ± 7 pF/cm^ to 57 ± 4 pF/cm^ for saturated NaCl and distilled
water, respectively. These data show no dependence of the measured capacitance on
electrolyte concentration. This independence of solution conditions is important for
further discussion in the section describing equivalent circuit models later in this chapter.
To this point, the reproducibility of fabricating perfectly insulating films has not
been discussed. Indeed, electrochemistry is the first technique discussed where a
significant difference is seen between films. For silica films on Ag, -30% of the films
prepared are defect free, ~30% are nanoscopically defective (i.e. these have a measurable
resistive component between 10^ Q cm^ and 4 x lO'^ Q cm^), and ~40% show clear
redox electrochemistry for a set of 33 films deposited during a dry (relative humidity
<20%) 2 month period. Of the surfaces that are defective, considerable information can
be ascertained from the EIS response for those surfaces that are nanoscopically defective.
The Nyquist plot in Fig. 4.27a for such nanoscopically-defective films clearly
demonstrates this resistive component directly in the low frequency region. The
semicircular response is due to a film resistance in parallel with the film capacitance due
to nanoscopic defects throughout the structure. The high impedance of these defects
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Table 4.5: Capacitance of 3 nm thick sol-gel silica films in
concentrations.
Capacitance
Concentration (M)
(PFW)®
Saturated

43 ±7

0.013

60 ±20

10"^

50± 10

10-^

31±6

0

57 ±4

^ n =3 films per measuremennt.
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Figure 4.27 EIS of nanoscopically defecti ve ultrathin silica films in 0.1 M NaC104
on 3MPT-modifiedAg. (a) Representative Nyquist plot, (b) Bode plots
of total impedance (left axis) and phase angle (right axis) as a function of
frequency for three different films

2.7 ± 1.5 nm;

4.6 ± 0.3 nm;

A,A 2.3 ± 0.6 nm) representing the range of responses observed. Data
shown are for a dc bias of 0.5 V vs Ag/AgCl with a 10 mV rms ac sine
wave superimposed. No dependence on bias potential was noted
between ± 3 V vs. Ag/AgCl.
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suggests that they are on the molecular size scale and not microscopic, since no redox
chemistry of the substrate or H2O is observed.
For these nanoscopically-defective films, the Bode plot for a film of 4.8 ± 0.3 nm
in 0.1 M NaC104 (Fig. 4.27b, • and •) indicates a resistive component by the horizontal
portion of the log |Z| versus log o) response at low frequencies (•) and a phase angle (•)
of 0. Interestingly, the capacitances estimated from the sloped portions of the log |Z|
versus log co plots at higher frequencies are similar to those measured for the perfectly
dielectric films described above. For the data in Fig. 4.27b, this capacitance is ~44
pF/cm . The phase angle of the response shows capacitive behavior (~90°) at high
frequencies, but reduces to purely resistive behavior (0°) at low frequencies.
For comparison, the EIS responses for two other films are plotted in Fig. 4.27b.
The s e films a r e all o f comparable thickness, A = 2 . 7 ± 1.5 n m , • = 4 . 6 ± 0 . 3 n m , a n d T =
2.3 ± 0.6 nm. Capacitances for these films are identical within experimental error.
Although the capacitances of these films are similar to those of perfectly insulating films,
significant differences are observed in the low frequency region of this response due to
the presence of a finite charge transfer or ion mass transport resistance, ranging from
~10® Q cm^ for A, to ~10"' Q cm^ for T. Other defective films have been investigated
that have resistivities between ~10^ Q cm^ to ~10'' Q cm^ depending on the density and
mobility of charge carriers within the silica films.
The complete Nyquist plot for these three nanoscopically-defective films is shown
in Fig. 4.28. The data are from the same films from which the data in Fig. 4.27 came. In
this plot, complete semi-circles are seen for the 4.6 ± 0.3 imi (A), and 2.3 ± 0.6 rmi (o)
films. The data 2.7 ±1.5 nm film (V) is the front edge of a semi-circular pattern. These
results, coupled with the physical characterization data from these films, suggest that the
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Figure 4.28 EIS of nanoscopically-defective silica films in 0.1 M NaC104 on 3MPTmodified Ag. Nyquist plot for three different defective films (V, 2.7 ± 1.5
nm; •, 4.6 ± 0.3 nm; A, 2.3 ± 0.6 nm) representing the range of
responses observed. Data shown are for a dc bias of 0.5 V vs Ag/AgCl
with a 10 mV rms ac sine wave superimposed. No dependence on bias
potential was noted between ± 3 V vs. Ag/AgCl.
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defects are nanoscale pathways through the silica lattice that allow some degree of ionic
conductivity.
Fig. 4.29a summarizes the capacitance values measured for a number of silica
films on 3MPT-Ag by EIS. The measured capacitances fall within the range of 20
pF/cm^ to 80 pF/cm^ with no apparent dependence on the film thickness. Modeling these
results with an appropriate equivalent circuit provides additional insight into film
properties. If one models these films as a simple parallel plate capacitor of a silica
dielectric between two parallel plates, the simplest possible model, the films should have
a capacitance, Cfiim, given by

Cfiim ~ ssoA/d

(4-4)

where s is the dielectric constant of the dielectric layer, so is the permittivity of firee
space, A is the area of the electrode and d is the thickness of the dielectric layer. Initially
assuming a dielectric constant, s, for thermally-produced Si02 of 3.9,'''''^ one predicts
capacitances on the order of 0.300 to 1.20 |LiF/cm^ for films ranging from 3 nm to 10 nm.
Furthermore, the measured capacitance should have an inverse dependence on film
thickness (Fig. 4.29b). Clearly, this model is inadequate to describe the capacitive
behavior of these films.
Several equivalent circuits that might describe the behavior of these films are
proposed in Fig. 4.30. Since the capacitance predicted by the simple parallel plate
capacitor model described above is almost four orders of magnitude larger than observed,
a more complex model is needed to adequately describe the electrical response of these
layered structures. Therefore, more structural detail is added to the equivalent circuit
models proposed in Fig. 4.30.
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Figure 4.30 Equivalent circuit models for insulating thin films on 3MPT-modified
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A more complex model of these films (Fig. 4.30a) might include capacitive
contributions from all layers in the structure: 3MPT, silica, and the electrochemical
double-layer at the silica/solution interface. For completeness, it should be recognized
that each of these capacitors has a parallel resistance associated with it that characterizes
the resistance to charge transport through each layer. Given the magnitude and
indeterminate nature of the resistances of these silica films (Rfiim >10'^ Q cm^ for
"perfectly" insulating defect-free films; indeterminate with our equipment), they are
neglected in fiirther quantitative discussion of the response, even though they must be
present. With this treatment, the equivalent circuit model in Fig. 4.30a becomes a series
capacitance model. For such a model,

Ctot ' = c3mpt ' + cfiim ' + Cdl '

(4-5)

and the smallest capacitance in the circuit will dominate the overall response of the
system. Capacitance values for well-ordered alkanethiol SAMs which obey equation 4.5
are on the order of a few )a,F/cm^.''

However, 3MPT does not form monolayers as

dense as methyl-terminated alkanethiol monolayers; experimental estimates of the
capacitance of the 3MPT monolayer in the absence of SiOa indicate capacitances of ~16
|aF/cm^ (see chapter 3), although according to equation 4.4, the capacitance should
ideally be -2.1 ^F/cm . In the absence of a solution contact, the double layer and pinhole
defects of the 3MPT film can be omitted firom consideration. This makes the circuit
equivalent to that of a solid-state capacitance measurement. The behavior of these silica
films under true solid-state conditions is described later in this chapter.
The electrochemical double-layer capacitance, Cdl, in this model can be
estimated according to Gouy-Chapman theory and should be on the order of hundreds of
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Thus, the model presented in Fig. 4.30a reduces to that of a single capacitor
for the assembly if the film capacitance is significantly smaller than that of the 3MPT or
electrochemical double-layer. As described above, this model does not adequately
rationalize the observed capacitance.
Given that no series of macroscopic capacitors rationally explains the extremely
low capacitances measured for these films, a more complex equivalent circuit must be
considered. One equivalent circuit that quantitatively rationalizes the observed EIS
response consists of an extensive system of sub-pF capacitors in parallel (represented by
C* in Figs. 4.30b/c). This model is envisioned to physically represent a series of charge
separation centers of nanoscopic size, effectively creating pseudo-nanoscale capacitors,
within the film. On a molecular basis, these sites might be due to isolated silanols that
are either hydrated or deprotonated, semi-mobile oxygen vacancies, or small pockets of
water. Although these pathways cannot have macroscopic conductivity (in other words,
cannot be electrically connected), nanoscale charge separation would be expected to
possess the pF capacitances suggested by the data.
As one example of the chemical basis of such sites, consider a series of isolated
water pockets within the film. In order to estimate the expected capacitances of such
water pockets, they are assumed to be spaces between small silica sol particles such as
those shown by the TEM images in Fig. 4.13. Such spaces may be considered spherical
with a nominal radius taken to be 0.5 nm. For spherical capacitors such as these, the
capacitance is given by equation 4.6'* '*^
r
C= 4;r £•£•() —(r+ d)
(4.6)
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where r is the assumed radius of the water pocket and d is the dielectric layer thickness.
Assuming that the charge-storage abihty of these water pockets is due to silanol
deprotonation/protonation, the dielectric layer thickness, d, is taken to be equal to the SiO bond length of ~0.16 nm."* "^^ Using the dielectric constant of water, a capacitance of
0.3 aF is predicted for each capacitor. Assuming that these capacitors are in parallel, ~3
X 10^ isolated capacitors are necessary to achieve a total capacitance of 50 pF.
The models presented in Figs. 4.30b and 4.30c depict two possibilities for the
organization of these aF capacitors. In Fig. 4.30b, the capacitors are uniformly
distributed throughout the film. This situation is electrically equivalent to placing a small
capacitance, ~50 pF, in parallel with the capacitance of the bulk silica film. Since the
capacitance of the bulk silica film would effectively mask any pF parallel capacitance,
this model reduces to that of Fig. 4.30a, which was proven above to be inadequate.
Fig. 4.30c indicates aF capacitors that are situated at an interface (either the
metal-3MPT, the 3MPT-silica interface, or the silica-solution interface). This model
places a small capacitor (-50 pF) in series with the larger capacitances of Fig. 4.30a,
leading to a predicted capacitance of ~50 pF, consistent with the EIS measurements for
these films. The ~3 x 10^ spherical capacitors of 0.5 nm radius would require a total area
of ~2.5 X 10'^ cm^ or ~2 x IQ '* % of a 1 cm^ surface for a capacitance of 50 pF/cm^. The
very small fractional surface area represented by these charge traps is consistent with
truly isolated sites. Such sites are most accurately viewed as defects. That this complex
layered structure has an electronic response that is dominated by defects is a further
indication of the perfectly insulating nature of the thin silica film. This model, in which
the total capacitance of the system is entirely dependent on an interface, is consistent with
the observed independence of C on d. Thus, this model appears rational to a first
approximation.
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This array of capacitors should have an associated potential drop across the
responsible interface. If one assumes that each aF charge trap has 1 charge associated
with it, then 108 capacitors should have a total charge of 1.6 x 10"11 C. Assuming a total
capacitance of 50 pF/cm^, the potential drop across this interface should be ~0.32 V,
which is a reasonable value in the case of a gel layer at the silica surface.'* '^^
The most likely location for this charge-trap site is at the film-solution interface
where in solution the silica film should exist in a gel state. Typically, when silica films
form gel structures at an interface, the capacitance of the system should increase due to
increased charges present in the interface.'* '*^ However, given the extreme densification
of these films as shown by the TEM images, one can envision these charge traps
behaving as isolated capacitors as suggested above.

Solid-state measurement. Most applications of these sol-gel derived silica films will
require solid-state instead of solution contacts. Additionally, in the equivalent circuit
models, more detailed information can be obtained about the film if the system is
simplified by removing the solution and the electrochemical double layer fi-om the
experiment. Solid-state experiments need to be very carefully designed to assure that a
good stable electrical contact can be made to the siUca surface. Initial attempts at these
measurements were to make a contact by sandwiching the silica film between the 3MPTAg substrate and a second Ag disk. These measurements are not reliable, however,
because intimate contact between the silica film and the Ag disk cannot be guaranteed
over such a large surface area. Any inconsistencies in the separation between the two
conductive substrates will lead to anomalous results.
To overcome this problem, two alternate methodologies were attempted. The first
was to vapor deposit a metal electrode on the surface. The technique attempted for these
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experiments is described in the experimental section of this chapter. This strategy was
attempted three times on metal substrates without success in the laboratory of Prof. David
Mathine.
The second approach was to utilize a Hg drop as a soft metal contact. Hg has an
advantage, because it forms an atomically-conformal contact to the surface despite
surface roughness of any shape. Fig. 4.31 shows the log |Z| vs. log co behavior for a Hg
contact with silica on 3MPT-modified Ag. The data are indicative of a perfectly
insulating film in the regions in which measurements could be made. In all cases, the Hg
contact shorted the system during measurement. The data are truncated at the shorting
point as only a very small interfacial resistance is measured from this point (~ 0.01 Q).
The data for the Hg contact (•), compare favorably with data for a similar surface
analyzed by the solution contact method (o). Most importantly, this singular successful
dataset shows a capacitance of 51 pF/cm^ in perfect agreement with the solution based
measurements. These results agree with the model proposed in Fig. 4.3Ic.

Au-oxide. Although it is possible to produce continuous films on 3MPT-modified Au,

the success rate for these surfaces is much lower than for those on 3MPT-modifed Ag.
Although most of the evidence suggests that 3MPT films are identical on both Ag and
Au, there are nanoscopic differences that alter the wetting characteristics, and thus, the
effectiveness of spin-coating dilute sol-gel materials. This limitation has been overcome
by utilizing electrochemically-formed Au oxide as the adhesion and wetting control layer
at the surface. Fig. 4.32 shows the EIS for a 3 nm thick silica film (sol 5) deposited
directly onto a Au-oxide surface in 0.1 M NaC104. These data show a constant phase
shift of -90° over the frequency range from ~10^ to 10'^ rad/s with no low frequency rolloff Thus, the impedance is linear with a slope of -1. These data lead to a measured
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Figure 4.31 EIS of an 8 nm tliick silica film on 3MPT-modified Ag with a 0.1 M
NaC104 contact (°) compared to that with an Hg contact (•).
Experiments were ran with a 0 V dc bias with a 100 mV rms
superimposed AC sine wave.
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Figure 4.32 EIS of a silica film on Au-oxide from sol 5 (thickness not measured) with
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superimposed.
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capacitance of 42 pF, which is in perfect agreement with the results discussed above for
3MPT-Ag surfaces.
ITO. Silica fihns deposited onto ITO surfaces were examined electrochemically in a

conical polydimethylsilicane (PDMS) vial that was fabricated with an opening of 0.26 ±
0.03 cm^ defining the active surface area. This conical vial was pressed against the
silica-passivated ITO creating the electrochemical cell. The vial was filled with 0.1 M
NaC104 and a Pt counter, and Ag (quasi-reference electrode) AgQRE (E « Ag/AgCl in
0.1 M NaCl) were immersed into the solution completing the electrochemical cell. Fig.
4.33 shows an EIS experiment for a 1.7 rmi thick (sol 5) silica film on ITO. Fig. 4.33a
shows the complex plane plot for this silica the 100 kHz to 5 Hz region. The nearly
perfect vertical line demonstrates the pinhole-free nature of this film. Closer examination
of the data as presented in Fig. 4.33b shows that the film over the entire frequency region
(100 kHz - 10 mHz) begins to roll off at ~5 x 10

Q. Comparing the results measured

on the film (o) with the system stray capacitance (•) shows that the values of capacitance
are quite similar, however. Nonetheless, there are slight differences between the two
responses that allow us to comment on the quality of the film.
The instrument resistance limit in this configuration is ~5 x 10

thus, the true

resistivity of this film must be greater than this value. In these experiments, stray
capacitance will add in parallel to the equivalent circuit of the Si02/IT0 structure,
thereby adding directly to the measured capacitance. The stray capacitance of the system
was estimated to be ~1.4 pF (see chapter 2 for detail) by performing measurements under
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Figure 4.33 EIS of a completely insulating ~1.7 nm ultrathin silica film on ITO. a) Nyquist plot, b) Bode plot of total
impedance (left axis, open symbols) and phase angle (right axis, closed sjmbols) as a function of frequency.
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ac sine wave superimposed in 0.1 M NaC104. System stray capacitance is -1.4 pF, very close to the
experimentally measured ITO-silica capacitance of ~1.8 pF.
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identical conditions as the experiment with an open circuit in place of the electrochemical
cell (i.e. no solution in the cell). Since, the film capacitance was measured to be ~1.8 pF
and since the stray capacitance should add directly to the film capacitance in this
geometry, by difference, a film capacitance of 400 fF or 11 pF/cm^ can be estimated.
ITO surfaces proved to be very difficult on which to produce continuous films over the
entire 0.026 cm area used for solution electrochemical measurements. The data
presented in Fig. 4.33 represents a single positive experiment out of at least 36 attempts.
Due to the similarity of the results for silica on ITO with those of the open circuit
stray capacitance data in Fig. 4.33(n), verification of the results is necessary to confirm
that the film is in electrical contact with the system. Therefore, as a control experiment to
check for electrical continuity throughout the system, the silica film was punctured with a
needle during a frequency sweep creating a short circuit between the solution and the
ITO. Clearly, the response of the layered structure changes from insulating behavior
before the short circuit is created (o and • in Fig. 4.33b) to that of a conductive interface
(• and A in Fig. 4.33b), verifying electrical contact of the solution to the underlying
substrate. This simple change demonstrates that the electrochemical cell was properly
assembled and that the film was in good electrical contact with the solution. An
interesting aside is that electrochemical modeling of these layered structures on ITO must
adhere to the same arguments as those presented for the silica-3MPT-modified metal
substrates, in that an interfacial gel layer at the film-solution interface dominates the
capacitance.
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ITO surfaces do not allow production of the continuous films that can easily be
produced on 3MPT-modified Ag substrates. In no case were films created on ITO that
had perfect insulation over cm surface areas as previously accomplished on Ag. The
range of defects in the ITO surfaces can be controlled, however, by taking extreme
caution to fabricate the film in a dust free environment. Since surface pretreatment
produces highly reactive, polar ITO surfaces without a protective water layer, dust and
other charged impurities are a larger problem for ITO than for any of the other substrates
utilized as supports for silica films.
Solid-state measurements. Solid-state electronic measurements were performed by

Professor David Mathine in the Optical Sciences Department at the University of
Arizona. ITO substrates overcome many of the obstacles associated with the 3MPTmodified metal substrates. The superior hardness and absence of the soft 3MPT layer
allow vapor-deposited metal contacts to easily be fabricated on ITO-supported silica
films, and thus, solid-state electrical measurements can be made.
To fabricate solid-state capacitors across the silica fikn, -0.5

|Lim A1

was first

vapor-deposited over the entire surface. A thin film of photoresist was spin-coated onto
the A1 substrate and developed through a mask. The A1 was etched leaving discrete
capacitors of 40, 64, 80, 100, 200, 500, 640, 1000, and 1500 |j.m in diameter. A
micrograph of these test structures is shown in Fig. 4.34. For electrical measurements,
electrical contact is made to the ITO surface in a region that was masked prior to spincoating the silica. Electrical contact is made to the A1 structure by positioning a Au
electrode with the aid of an optical microscope and micromanipulators.
Initial experiments at 1 kHz, 1 V ac demonstrate the feasibility of these studies.
Fig. 4.35 shows the capacitance as a function of capacitor area plotted for each of the four
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1 |Lxm

Figure 4.34 Capacitors fabricated for solid-state electronic evaluation of silica films
on ITO. These structures are fabricated from Al-vapor deposited onto
silica-modified ITO and etched by traditional photolithography. The
capacitor diameters measured were 40, 64, 80, 100, 200, 500, 640, 1000,
and 1500 |am.
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Figure 4.35 Plot of the capacitance values for sol-gel silica films on ITO as a
function of capacitor area. Film thickness for each dataset: O 5 nm, •
11 nm, A 22 nm, and • 3 8 nm.
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sol-gel preparations used (sols 1-4). Unlike the solution electrochemical measures of
capacitance shown in Fig. 4.29b, the solid-state measurements show a clear dependence
of the capacitance on silica film thickness. The data presented in Fig. 4.35 are readily
analyzed according to equation 4.4, the fundamental equation governing capacitance. For
films made from sols 1, 2, and 3 (87, 22 and 11 nm thick), the linear behavior of
capacitance with capacitor area with a zero-intercept demonstrates nearly perfect
agreement with theory. Data for the film made from sol 4 (5 nm) exhibits a slight "rolloff in capacitance at larger capacitor areas. This loss of linearity suggests a larger
degree of defect structure in the film.
To estimate a dielectric constant for the silica in the ITO-silica-Al structures,
values of the capacitance per unit area are calculated as the slopes of the lines in Fig.
4.36. These slopes are plotted as a function of the inverse oxide thickness of these films
determined with RAIRS. The resulting linear response of the C/A versus 1/d plot has
slope of 3.1 X lO '^ F/m and a y-intercept of 1.6 x 10"^^ (R^ = 0.87), an estimated effective
dielectric constant (s) can be estimated to be 3.5. This value is somewhat smaller than
the value of 3.9 that is typically accepted for thermally-grown silica on silicon.'*'^''*'*® The
smaller value measured for the thin silica films supported on ITO is attributed to the
slightly more porous nature of these films compared to the thermally grown silica
traditionally used as gate dielectrics in semiconductor processing.
Although not expected to be a major contributor to defect formation within ITOsupported silica films, the possibility of diffusion of In(0H)3, which is soluble in aqueous
HCl, into the silica lattice during the spin-up and spin-off stages of the spin-coating
process must be considered as a possible cause of defects. Other possibilities include a
slight increase in porosity due to water evaporation within the highly cross-linked gel
structure during the evaporation stage of spin-coating. Porosity is inherent in the sol-gel
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process since previous data suggest that minute silica particles are formed in solution,
which further condense on the surface. These spherical particles cannot pack without
some interstitial space creating slight porosity in the film.
One additional inconsistency of the response shown in Fig. 4.36 with the ideal
response described by equation 4.4 is the relatively large y-intercept. The linear
relationship between C/A and 1/d should have a zero intercept, but for this set of films, a
quite large intercept of ~150 nF/cm^ is observed. Several possible sources for this large
offset can be identified due to the presence of a nonconductive layer of In(OH)3 that is
not modeled in this treatment of the data. A more likely source of the anomalous
capacitive offset is the incorporation of mobile charge carriers into the silica film. The
most likely charge carriers are In^^ or Na^ in this system. These contaminants could
effectively create additional capacitances in parallel with the film capacitance, which
would add directly to the film capacitance.

CONCLUSIONS
Significant progress has been made in understanding the structural and electronic
behavior of novel ultrathin sol-gel silica films formed from a room-temperature benchtop process. Electronic-quality films can be fabricated on a variety of substrates from
metals modified with 3MPT and on both reactive (oxidized Si) and unreactive (ITO)
semiconductor substrates. These films can be fabricated in such a manner as to be useflil
as dielectric materials in electronics applications. The silica films produced in the manner
discussed also provide the stability necessary for use as substrates for chemical sensor
platforms. Further discussion of spatial manipulation of these films will be discussed in
later chapters.
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Although the solid-state results on ITO indicate dielectric properties comparable
to electronic-grade silica, several interesting inconsistencies appear when the electronic
properties are characterized in solution. Solution-based EIS measurements for silica
films on all substrates demonstrate that the dielectric properties of the bulk material are
superceded by interfacial properties, most likely a silica gel layer at the solution interface.
The solution behavior suggests that long-term stability may be an issue for these
materials because charge-traps at interfaces can be a source for material breakdown in
integrated circuits.'*'^
Several long-term experiments need to be performed on these silica films to
absolutely demonstrate their feasibility as materials suitable for electronics. First, the
soUd-state behavior shown on ITO must be completed for Si(l 11) and 3MPT-modified
metal substrates. These studies could provide a solid-state analog to the comparison of
the solution-based measurements.
Once the solid-state measurements have been completed, these films should be
incorporated into working transistors, first in the traditional three layer inorganic format,
and then as the gate dielectric in novel organic thin film transistors. Strategies for
fabricating such devices are described in the chapter on patterning later in this document.
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CHAPTERS

DEVELOPMENT OF ULTRATHIN "CONDUCTING INSULATORS"
THROUGH DOPING OF 1,1'-BISTRIETH0XYSILYLFERR0CENE
INTO SOL-GEL SILICA FILMS SUPPORTED ON METAL
SUBSTRATES

INTRODUCTION
The previous chapter focused on non-reactive, passive silica films deposited onto
conductive or semiconductive substrates. From this, it was possible to examine the
dielectric behavior of these films. The work discussed in this chapter aims to utilize the
sol-gel strategies described in previous chapters to create fiinctional, "smart" materials by
adding dopants into the sol-gel precursor matrix. By incorporating ferrocene centers into
the sol-gel matrix, materials with conductivity based on surface potential can be
developed. Additionally, these materials can be used to mediate electron transfer
reactions. The ultimate goal of this research is to develop a strategy for creating
nanostructured materials with tunable conductivity based on silica sol-gel chemistry.
Materials with tailorable properties have long been sought in the sol-gel and
polymer communities.

^Sol-gel based materials are of particular recent interest

because of their ability to incorporate dopant molecules such as organic species within a
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structurally-sound inorganic matrix. Materials of this nature have already found
commercial applications,^'^ including smart materials that physically respond to their
chemical environment^'® or as novel resist materials for small to nano-scale lithography.^'^
Utilizing the rigid lattice of the inorganic matrix, organic components can be
immobilized in these films either by simple physical entrapment or by more complicated,
permanent covalent attachment.
The simplest methodology for incorporating dopant molecules into a sol-gel
matrix is by simple physical entrapment (e.g. see refs. 5.8-5.13). Species doped into solgel matrices include redox species^'^'^'^, fluorescent^''"'^''' and infrared dyes^ '^ as well as
more complicated structures such as proteins.^

All physically-entrapped molecules rely

on a highly-condensed gel network to impede diffusion into and out of the film. Clearly,
this works better for larger dopants, although the effectiveness diminishes drastically as
the size of the dopant decreases. When incorporated into conventional gels, redox-active
dopant molecules behave nearly as they would in normal solution in that the redox
behavior is not significantly altered • • • ' •

with the exception of slowed diffusion rates

due to the highly cross-linked nature of the sol-gel environment. Furthermore, they
aggregate as expected due to non-reactive chemical interactions such as n-n interactions
or van der Waals interactions.^'" Further limitations include low stability of doped
materials due to diffusion of the active agent out of the sol-gel matrix.
To overcome limitations of stability, strategies have been employed to chemically
graft dopants into the sol-gel matrix by synthesizing dopant molecules with reactive
functional groups that show compatible chemistry with the sol-gel substrate. Such
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covalent linkage is typically facilitated by derivatizing the dopant of interest with
trimethoxysilane or triethoxysilane pendant groups.^

These dopants can be nearly

anything, from bridged silsesquioxanes with silane groups on either end of an organic
spacer/ '"^ dyes for electroluminescent devices/ '^'^'^^ or redox molecules such as
ferrocene.
The electrochemical behavior of sol-gel-immobilized redox species has a
historical analog in polymer-modified electrodes (e.g. see refs 5.15, 5.17, 5.18, 5.20,
5.21, 5.23-5.28). The rich history of these combined fields shows systems that exhibit a
range of redox behaviors from diffusion-limited redox properties due to counterion
diffusion necessary to maintain charge balance within the film, to surface-confined
behavior. Often, both types of behavior can been seen in a single film preparation.^'^^
The transition of redox behavior from diffusion-control to surface-confined is
complicated and is related to a number of factors including porosity of the inert matrix
(polymer or sol-gel), number density of the redox species, and uniformity of the dopant
within the film. Another feature in many of these systems is a "breaking-in" period due
to solvent swelling of the film, thus opening pores to ionic movement. In a "perfectly"
formed film, only the outermost redox species would be available for charge transport
reactions. Presumably, electrons would hop from redox center to redox center until the
exterior of the film is completely reacted.
Ferrocene dopants have been added to such solid matrices using a variety of
different linkers. Fig. 5.1 shows several ferrocene modifiers used in previous studies.
The most common ferrocene dopants utilize the l,r-bistrimethoxysilyl- 5 '20'5'22 or 1,1'-

Trichlorosilylferrocene

5.17

(1,1 '-Ferrocenediyl)dichlorosilane

SiCla

Fe

Fe

1,1 '-Bis(triethoxysilyl)ferrocene'^^

SiCh

(Ferrocenylmethyl)dimethyl
(w-trimethoxysilyl)alkylammonium'

Si(0Et)3

IT

f^(CH,)

(EtO)3Si-

Figure 5.1

Common ferrocene species used as sol-gel dopants found in the recent literature.
K)
to
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bistriethoxysilyl-^ '^"^ "'^'^^ linkages. Other substituted ferrocenes with longer spacer
groups, such as variable length (a)-trimethoxysilyl)alkylammoniummethyl-linkages, have
also been developed to facilitate the development of electrochemical signals for
electrocatalytic applications by adding porosity to the films.
This chapter outlines a new strategy for developing ultrathin, doped silica
materials from the sol-gel process by incorporating l,r-(bistriethoxysilyl)ferrocene
(FcTEOS) into dilute tetramethoxysilane (TMOS) sols. The goal of this research is to
create stable, uniform redox coatings that might have applications as electrocatalytic
materials or electronic device materials.By incorporating redox moieties into these
stable inorganic films, it was hypothesized that the conductivity of the film could be
controlled by the bias potential of the substrate. In the case of ferrocene dopants at
potentials negative of the redox potential, the ferrocene is reduced and the films are
expected to be essentially insulating. When the ferrocene is oxidized, the films are
expected to conduct electrons presumably through a "hopping" mechanism.
Films doped with ferrocene (Fc) are physically similar to those without Fc.
However, some differences central to the discussion of the quality of these films are
observed. One problem with the incorporation of organic and organometallic modifiers
in these sol-gels is the poor chemical compatibility of these species with the silica
matrix.^'^^ For uniform, reproducible behavior, Fc-doped silica films must be structurally
sound and provide uniformly doped Fc-centers. In this chapter, these films are examined
with a number of techniques including nanoscale imaging techniques (TEM, AFM) for
film morphology, infrared spectroscopy for chemical structure of the film, x-ray
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photoelectron spectroscopy for elemental [Fc]:[Si] ratios, atomic emission spectroscopy
for quantitation of total Fc content, and cyclic voltammetry for film redox activity and
electronic uniformity.

EXPERIMENTAL
General synthetic details. Synthesis of 1,1 '-bistriethoxysilylferrocene was performed
using ferrocene as a starting material through the highly reactive intermediate
tetramethylethylenediamine (TMEDA)-stabilized 1,1 '-dilithioferrocene
(LiCp)2Fe-TMEDA,^ '^ Fig. 5.2, by Jeffery Anthis in the laboratory of Professor David
Wigley at the University of Arizona. All experiments were performed under a nitrogen
atmosphere either by standard Schlenk techniques^or in a Vacuum Atmospheres HE493 drybox at room temperature unless otherwise indicated. Solvents were distilled
under N2 from metallic Na,^'^^ and were transferred to the drybox without exposure to air.
Perdeuterated benzene was purchased from Cambridge Isotope Laboratories and passed
down a short (5-6 cm) column of activated alumina prior to use.
Triethoxychlorosilane was purchased from United Chemical Technologies, Inc.
and used as received.

Physical measurements of synthetic products. 'H NMR (250 MHz) and '^C NMR
(63.9 MHz) were recorded at probe temperature on a Bruker AM-250 instrument in CeDe.
Chemical shifts were referenced to protio impurities (5 128 ppm in CeDe) and are
reported downfield of Me4Si.

w-Butlylithium
TMEDA
in pentane, dry ice

Li
Fe

+ 1 TMEDA

-Li

ClSi(OCH,CH3)3

Si(OEt)3

(EtO)3Si-

Figure 5.2

Schematic of the synthesis of Lr-bis(triethoxysilyl)ferrocene
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to
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Synthetic preparations.
1,1 '-Dilithioferrocene-TMEDA. (LiCp)2Fe-TMEDA was synthesized as previously

5 17
reported in the literature without deviation. ' Briefly, n-butyllithium in «-pentane was
added to ferrocene in slight excess of 2:1 «-butyllithium:ferrocene in 200 mL heptane,
followed by addition of a slight excess of TMEDA cooled with dry ice in acetone. The
reaction was allowed to proceed overnight (>12 h) under vacuum. In an inert-atmosphere
drybox, the product was filtered and washed with aliquots of dry heptane. This yielded
an orange pyrophoric powder for use in the next reaction sequence.

1,1'-Bistriethyoxysilylferrocene. In a typical experiment, a 100 mL flask loaded with a

magnetic stir bar was charged with 3.15 g (15.8 mmol) of triethoxychlorosilane and
diluted to 15 mL with pentane. 2.49g (7.9 mmol) of (LiCp)2Fe-TMEDA was suspended
in 15 mL of pentane and added via pipette to a rapidly stirred solution of
triethoxychlorosilane at a rate which avoided boiling the solvent (45 min). The resulting
reaction mixture was stirred for 16 h at room temperature after which time it was filtered
through Celite. The reaction volatiles were removed from the resulting clear orange
filtrate in vacuo to afford 3.74 g (7.3 mmol, 92%) of the product as a red oil. The product
was used without further purification. Fig. 5.3 shows the complete
and Fig. 5.4 shows the complete

NMR spectrum

spectrum of the product: 'H NMR (CeDe): d 4.58

(dd, 4 H, Hcp), 4.45 (dd, 4 H, Hcp), 3.92 (quart, 12 H, OCH2CH3), 1.20 (t, 18 H,
OCH2CH3). '^C{H} NMR (CeDe): d 74.67, 72.95, 62.91 (Qpso), 58.75 (OCH2CH3),
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'H NMR spectrum of 1,1 '-bistriethyoxysilylfeiTocene in C^D^. Integration values are listed above
each peak normalized to 12.0 for the peaks at 3.9 ppm. See text for peak identification.
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for peak identification.
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18.62 (OCH2CH3). These combined spectra indicate no significant contamination from
unreacted precursor compounds.

Ferrocene-doped film formation. Detailed information about ferrocene doping of the
silica films is given in chapter 2. Salient points are reiterated here. Due to the different
relative reactivity and solubility of FcTEOS and tetramethoxysilane (TMOS), films from
these sol-gel moieties were examined as a function of their reaction time. Early films
utilized the traditional^'^^'^'^'' 30 min reaction time for mixtures of FcTEOS and TMOS.
Films prepared in this manner are labeled method I. Later, a more refined process
utilized a TMOS-only sol-gel mixture of water, 0.1 M HCl, tetrahydrofuran (THF), and
TMOS and allowed a reaction time of 30 min prior to adding FcTEOS. Films were spincoated within 10 min of mixing the FcTEOS in the TMOS sol. Films prepared in this
manner will be labeled method 11.

Inductively coupled plasma-atomic emission spectroscopy. Inductively-coupled
plasma-atomic emission spectroscopy (ICP-AES) was utilized for Fe quantitation, with
the assistance of Gavin Buttigieg in the laboratory of Professor Bonner Denton. For
these studies, 1 cm^ Fc-doped silica films deposited onto Si(l 1 l)/native Si02 were
digested in 1% HF overnight, and diluted to 20 mL with Milli-Q water to obtain
analytical solutions. Data were collected with a Thermo Jarrel Ash (Franklin, MA) IRIS
HR radial view ICP-AES at 238.204 (order 142) with 4, 30 s integrations.

234

All other procedures are described in chapter 2.

RESULTS AND DISCUSSION
Film Morphology. Transmission electron microscopy (TEM). TEM images were taken
of Fc-doped sol-gel materials in an attempt to locate aggregated ferrocene within the film.
Fig. 5.5 shows TEM images from spin-coating a dilute, Fc-doped sol-gel precursor
solution of a [TMOS]:[FcTEOS] ratio of 3:1 using method II. This results in a total
[H20]:[Si] of 600:1, more dilute than the pure silica films made fi'om sol 4 (discussed in
chapter 4). In the image in Fig. 5.5a, the sol-gel film spans the entire gridspace of the
carbon-coated Cu TEM grid, despite the sub-10 nm thickness. This behavior indicates a
degree of film cohesiveness not present in the undoped silica films. In this image, little
distinguishing detail is seen in the film. Rather, the important information lies in the
continuity of the film. For TEM images of undoped materials, a maximum [H20]:[Si]
ratio of ~200:1 is necessary to impart adequate continuity for the film to span the
interstitial grid space of the TEM sample mount. Films of larger [H20]:[Si] ratios did not
produce films with the necessary stability to span the open spaces of the grid. The
additional cohesiveness of the sol-gel film with the Fc dopant can be attributed to both
increased van der Waals interactions and n-n interactions from the cyclopentyldienyl
(Cp) rings.
Fig. 5.5b shows a second region of the same film that was imaged for Fig. 5.5a.
In this image, the film spans a large portion of the TEM grid, but this image contains
regions of both high and low contrast. The regions of differing contrast do not appear to
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TEM images of a 3:l[TMOS]:[FcTEOS] doped sol-gel silica film
prepared by spin-coating a sol-gel preparation by method II. [HjO]:[Si]
600:1. a) and b) are separate regions of the same C-coated Cu TEM grid.
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have a uniform size, and only a diffuse electron diffraction pattern is seen in these
regions. These regions of variable contrast could either be due to inconsistencies in film
thickness, or the presence of more electron-dense (Fc) inclusions that limit the ability of
electrons to penetrate the film. This inhomogeneity demonstrates one problem with
incorporating Fc into silica films. Although spin-coating should create uniformlydeposited films and limit the possibility of inconsistent layering, particulate development
and aggregation within the precursor solution prior to spin-coating could cause film
inconsistencies that are manifest in the deposition step.
These images are significant because the Fc-free films do not exhibit similar
inhomogeneity. Fc appears to break some of the uniformity of the precursor structures
presumably due to the presence of the hydrophobic Cp rings. Further imaging techniques
(AFM) are needed to fully address the structure of these films on planar substrates.

AFM. AFM images were obtained over 5 |a.m x 5 fxm areas to obtain a direct comparison

of the morphology of Fc-doped silica films at varying concentrations by both method I
and method II.
Figs. 5.6a-c show AFM images of Fc-doped silica films by method I for
[TMOS]:[FcTEOS] ratios of 3:1, 10:1, and 25:1, respectively. For method I films, these
images are representative of the range of behavior seen, and should not be considered an
average behavior due to the large variance in the films fabricated. The 3:1 image shows a
large number of what are presumably FcTEOS aggregates on the surface in sizes from
-800 nm to lO's of nm's in diameter based on the absence of aggregates seen for pure

0

37.5

75 nm

J
Figure 5.6

AFM images of Fc-doped sol-gel silica films prepared by spin-coating a
sol-gel prepared by method I using THF as a co-solvent.
[TMOS];[FcTEOS] ratios of (a) 3:1, (b) 10:1 and (c) 25:1.
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TMOS films. These large, irregularly shaped particles dominate the image and
effectively mask the morphology of the Au substrate. The 10:1 image shows only a few
aggregates between -10 and 200 nm in diameter. The Au morphology is seen clearly in
the background of the image as the ~20 nm hemispherical particles in the background.
The 25:1 image shows aggregates of ~50 to 100 nm in diameter that are more uniform
than in either of the previous two films. The Au morphology is clearly seen in the
background, but the film appears to have an inconsistent base as seen by the ~2 |am
elliptical raised area in the bottom center portion of the image.
Considered collectively, these images suggest a complete lack of uniformity of
films prepared by method I. As further details emerge from the other techniques
presented in this chapter, this conclusion, based on these AFM images, will be confirmed.
Figs. 5.7a-d show AFM images of Fc-doped silica films by method II for
[TMOS]:[FcTEOS] ratios of 3:1, 7:1, 13:1, and 24:1, respectively. Fig. 5.7a shows
uniformly deposited aggregates on the order of 50 to 100 nm in diameter. These films
are continuous over cm^ surface areas as suggested by cyclic voltammetric data presented
later in this chapter. These particles appear to be nearly spherical (or hemispherical from
the AFM images), and are distributed uniformly over the surface. Fig. 5.7b shows similar
aggregation, except the majority of the particles are ~30 nm in diameter with some larger
particles reaching 130 nm. Fig. 5.7c shows particles of identical size to Fig. 5.7b but
with a lower surface density. Fig. 5.7d continues the trend of Figs. 5.7b and c by
showing even fewer surface particles. It is assumed that the majority of the Fc
incorporated into the films resides in these larger particles covering the surface; however.
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Figure 5.7

AFM images of Fc-doped sol-gel silica films prepared by spin-coating a
sol-gel prepared by method II. [TMOS]:[FcTEOS] ratios of (a) 3:1, (b)
7:1, (c) 13:1 and (d)24:l.
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because of the inherent roughness of the Au substrate, particles smaller than -20 nm are
largely lost in the background.
Taken in total, these images clearly indicate a superiority of method II over
method I for fabricating uniform films on 3MPT-modified Au substrates. This
conclusion will be important in discussions of the data presented later in this chapter.

Film thickness. Due to the significant aggregation of Fc in these mixed sol-gels, the film
thickness is expected to be significantly altered by the amount of FcTEOS incorporated
into the final film. Multiple types of Si centers are incorporated into these films.
Therefore, precursor sols are described by the three ratios listed in Table 5.1: the Fcdoping level as given by [TMOS]:[Fc], the [H20]:[TM0S], and the water to total Si ratio,
[H20]:[Si]. The [H20]:[Si] is expected to be significantly more important than the
others, because the combined Si-containing molecules condense to form the final solid
film.
Several key features are apparent when the data in Table 5.1 are examined. When
small amounts of Fc are doped into a 1000:1 [H20]:[TM0S] solution, the films
significantly increase in thickness relative to an undoped film. In fact, a film with a 30:1
[TMOS]:[FcTEOS] ratio (940:1 [H20]:[Si]) is comparable in thickness to an undoped
film of a 500:1 [H20]:[TM0S] preparation. At a 30:1 [TMOS]:[Fc] ratio, it is unlikely
that the presence of FcTEOS significantly affects the viscosity of the sol. The cause of
this increased thickness is unknown at the present time. However, one might speculate
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Table 5.1: Ellipsometric film thicknesses for Fc-doped silica sol-gel films fabricated on
3MPT-modified Au.
[TMOS]:[Fc]

[H20]:[TM0S]

[H20]:[Si]

Thickness
(nm)
Method I

3

1000

600

10±4

7.7 ±0.9

7

1000

780

11 ±2

7.2 ± 0.4

10

1000

830

10±4

13

1000

880

15

1000

880

10±2

20

1000

910

8± 1

24

1000

930

25

1000

930

8.9±0.i

30

1000

940

8± 1

CO

400

400

7.8 ±0.3

00

1000

1000

3.0 ±0.3

^ THF used as a cosolvent

Thickness
(nm)
Method ir

6.3 ±0.5

5.4 ±0.4
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that increased condensation rates or decreased solubility of condensation products could
alter the frictional forces of spin-coating enough to cause these film thickness changes.
As for the undoped films, the [H20]:[Si] ratio appears to govern the overall
thickness of the films. For films of 3:1 [TMOS]:[FcTEOS] (600:1 [H20]:[Si]), the film
thicknesses are 10 ± 4 nm for method I and 7.7 ± 0.9 nm for method II. When the
[TMOS]:[Fc] ratio is increased from 3:1 to 24:1 (or 25:1), films from method I decrease
to 8.9 ± 0.8 nm and films from method II decrease to 5.4 ± 0.4 nm. This trend of
decreasing film thickness for increasing [TMOS]:[FcTEOS] is true for all ratios studied.
The ellipsometric data show significant differences between films prepared with
the two methods. Films made from method I lack the consistency of the more refined
films from method II. In all cases, the films made from method I are thicker than those
made from method II for identical [H20]:[Si] values. Increased polymerization of the Fc
moiety in solution prior to deposition is proposed to explain this observation. Such
polymerization leads to this increase in film thickness, because the largely insoluble Fc
particles preferentially deposit onto the solid substrate during the spin-coating step. In
addition, it should be noted that the pooled standard deviations in ellipsometric thickness
for films fabricated from method I are two to four times greater than those of the films
from method II. Further results presented later in this chapter suggest that method II
produces more reproducible films with more reproducible properties. This improvement
in reproducibility is important for incorporating dopants of widely differing reactivity
into useful materials.
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Infrared Spectroscopy. The chemical nature of these films can be more directly probed
with reflectance-absorbance infrared spectroscopy (RAIRS). Infrared spectroscopy has
been used extensively in the analysis of these films (see chapter 4 for details). In the
previous chapter, an effective molar absorptivity for the

Va(Si-O-Si)

mode of silica in

these highly-densified films was determined. However, the density of the Fc-doped silica
films is not known to be the same as that of the pure silica films; thus, RAIRS data
cannot be used to estimate film thickness for these films. However, a great deal of
chemical information can still be deduced firom the infrared spectroscopy including the
extent of Si-O-Si bond formation, semi-quantitative amount (from relative peak
absorbance values) of ferrocene incorporation, and amount of co-solvent (ethanol,
methanol, THF) retained in the film. Due to the significant amount of spectral overlap of
peaks related to ferrocene, ethanol, and silica, the discussion of the RAIRS data is
primarily qualitative, with little attempt at quantitative analysis.
Figs. 5.8 and 5.9 show spectra of neat liquid tetraethoxysilane (TEOS), solid
ferrocene in a KBr pellet, and neat liquid FcTEOS compared to a Fc-doped silica film
prepared by method I with a [TMOS]:[FcTMOS] ratio of 0:1 and a [H20]:[Si] of 1000:1.
The peak frequencies and vibrational assignments are listed in Table 5.2.
The spectrum of TEOS shows major peaks at 792 cm\ corresponding to the inplane v(C-C-O) mode, at 966, 1082, and 1104 cm"^ corresponding to the v(Si-OEt)
modes, and at 1170 cm"^ corresponding to the out-of-plane v(C-C-O) mode.^'^® The
vibrational modes for solid ferrocene overlap many of the modes for neat TEOS.
Prominent Fc peaks are at 815 cm"' due to the 8(C-H)op, at 854 cm"' corresponding to a

244

a>
o
c3
X)

o
(/}

3500

3000

2500

2000

1500

1000

Wavenumber (cm ')
Figure 5.8

IR spectra for a) neat liquid tetraetlTioxysilane, b) solid ferrocene in a KBr
pellet, c) neat liquid FcTEOS, and d) a RAIRS spectrum of a hydrolyzed
and condensed FcTEOS fdm deposited on a 3MPT-modifiied Au surface.
I = 0.3 a. u. (a-c), 0.005 a. u (d). The * indicates peaks from water
contamination.
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Table 5.2: IR frequencies and assignments for Fc-doped silica films and their
component species.
Frequency (cm"')
Ferrocene

TEOS

FcTEOS

792

780

100% Fc
film

Dilute
film film

100% silica

795

v(C-C-O)
809

810

810

Assignments^'*'

818

Vs(Si-O-Si)

v(C-C-O)

815

7I(C-H)

832

7I(C-H)

861
854

865

866

958

963

v(Si-OEt)

1037

1040

v(C-SiOEt)

1082

1079

1092

v(Si-OEt)

1104

1102

(CH) wag
949

966

940

1001

5(C-H)

1106

1119'

v(Si-OEt)
1111

v(C-C)
1127

1170

1139''

1171

1172

1261

1265

1297

1295

1296

T(CH2)

1366

1364

1365

5(CH3)

1391

1390

1391

1425

1425

8(CH2)
v(C-C)

1172
1225

1408

3089

(Si-O-Si)

v(C-C-O)
1221

v(Si-O-Si)

1442

1442

5(CH2)

1456

5(CH3)

1483

1455
1481

2888

2888

2888

Va(CH2)

2926

2926

2926

VS(CH2)

2975

2975

2975

V(CH3)

3092

3092

3092
3389

3092

v(C-H)
v(O-H)

^ v=stretch, 7i=Cp ring related bend or deformation, 8=in-plane bend or deformation,
X=twist, 71==out-of-plane bending, ^ refs. 5.36, 5.37; shoulder.
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CH wag associated with the SiC=C-H portion of the FcTEOS, at 1001 cm"'
corresponding to an in-plane 5(CH) of the Cp ring, and at 1106 and 1408 cm"'
corresponding to v(C-C) modes in the Cp ring.^'^^'^'^^
The neat FcTEOS spectrum more closely resembles the spectrum of neat TEOS
than that of solid ferrocene. However, close examination of the FcTEOS spectrum
confirms a slight ferrocene character from the peaks at 832 cm"' (7i(C-H)), and the peak
at 1425 cm"' from the v(C-C).
For a hydrolyzed and condensed FcTEOS film on the 3MPT-Au surface, several
significant changes relative to the spectrum of neat liquid FcTEOS are observed.
Between 1100 cm"' and 1200 cm"', the envelope of peaks narrows to a single major peak
at 1110 cm"' from v(Si-OEt) and v(C-C) modes, a low frequency shoulder at 1092 cm"'
from v(Si-OEt), a high frequency peak at 1172 cm"' from v(C-C-O), and a low frequency
peak at 1040 cm"' from v(C-SiOEt). Another major change in this spectrum is the
increased absorbance of the Fc-mode at 1265 cm"'.
Fig. 5.10 displays RAIRS spectra for the initial Fc-doping experiments utilizing
method I with methanol as a co-solvent. The spectra shown in Fig. 5.10a-f are for neat
FcTEOS, 0:1 [TMOS]:[FcTEOS], 1:1 [TMOS]:[FcTEOS], 2:1 [TMOS]:[FcTEOS], 4:1
[TMOS]:[FcTEOS], and 1:0 [TMOS]:[FcTEOS], respectively. Peak frequencies for
these spectra are tabulated in Table 5.2. Figs. 5.10a and b are reproduced in this region
from Fig. 5.9 as reference spectra for comparison to the Fc-doped films. As the Fc is
diluted by silica in these films, a peak can be seen growing at 1220 cm"' with a low
frequency shoulder ~1120 cm"'. These bands are attributed to the transverse optic (TO)
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Figure 5.10 a) IR spectrum of neat liquid FcTEOS, and RAIRS spectra of Fc-doped
silica films prepared from method I using methanol as a co-sol vent with
[TMOS]:[Fc] ofb)0:l,c) 1:1, d) 2:1, e) 4:1 andf) 1:0.
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and transverse magnetic (TM) modes of the siUca matrix and are commonly reported as
Va(Si-O-Si)

modes. Conversely, the peaks associated with Fc at 1265 cm"' and 1041 cm"'

diminish as expected with Fc dilution. In addition, peaks associated with condensation
products (primarily EtOH) and non-hydrolyzed FcTEOS at 1172 cm"' also decrease with
Fc dilution. At a 4:1 ratio, the only indication of Fc in the films is the low frequency
shoulder on the 1120 cm ' Va(Si-O-Si) band. Very close inspection of the low frequency
region of the

Va(Si-O-Si)

mode shows a hint of a peak at 1172 cm"' indicating a very

small amount of unreacted FcTEOS. These spectra show a large degree of spectral
overlap of peaks due to Fc (i.e. Cp ring stretching mode at 1110 cm"') and those due to
unreacted ethoxysilane and ethanol formed from hydrolysis of the ethoxysilane groups,
along with the relatively broad silica bands.
Due to significant overlap of the peaks associated with Fc, ethanol, and silica in
the spectral region between 650 cm"' and 1800 cm"', direct quantitation of the Fc doping
levels is not attainable with these data. However, the v(C-H) and v(O-H) region between
-2700 and 3800 cm"' exhibits a distinct Fc peak due to the aromatic v(C-H) at 3092 cm"'.
Figs. 5.1 la-d display RAIRS spectra in this region for the initial Fc-doping experiments
utilizing method I with methanol as a co-solvent for 0:1 [TMOS]:[FcTEOS], 1:1
[TMOS]:[FcTEOS], 2:1 [TMOS]:[FcTEOS], and 4:1 [TMOS]:[FcTEOS], respectively.
Peak frequencies from these spectra are tabulated in Table 5.2. All of these spectra show
relatively high intensity peaks at 2888, 2926, and 2975 cm"' due to the Va(CH2),
Vs(CH2)fr and Va(CH3) modes for aliphatic hydrocarbons. These peaks are present
primarily due to unreacted or partially reacted FcTEOS and physically-trapped ethanol, a
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RAIRS in the v(CH) and v(OH) region from Fc-doped silica films
prepared from method I using methanol as a co-solvent with
[TMOS]:[Fc] or a) 0:1, b) 1;1, c) 2:1, and d) 4:1.
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byproduct of the hydrolysis and condensation reaction. A smaller peak at 3092 cm"' is
due to the aromatic v(C-H) specifically associated with Fc in the film. All of these
spectra have a large, broad band associated with water and free Si-OH in the film in the
region between 3200 and 3600 cm"'.
Although direct quantitation of Fc incorporation into the films is not readily
attainable from these spectra because of the low molar absorptivity of the aromatic
v(CH), comparisons between different formulations and preparation procedures provide
necessary information for the development of these materials, such as the extent of
hydrolysis and condensation of the constituents, reproducibility of the preparation, and
qualitative comparison of film versus sol composition, by comparison of the spectra for a
range of doping densities.
Although these spectra show successful doping of Fc into the silica films, there
are significant solubility problems in the precursor sol preparation. For sols with
[TMOS]:[Fc] >4:1 using methanol as a co-solvent, undissolved liquid FcTEOS droplets
cling to the sides of the reaction vial during sol mixing; thus, films produced under these
preparation conditions exhibit negligible Fc-doping due to the extreme insolubility of
FcTEOS in the methanol/water mixture. Indeed, the spectra in Figs. 5.10e/lld show little
sign of any Fc incorporation. To alleviate this insolubility problem, a more suitable
solvent system was developed.
To facilitate better solubilization of FcTEOS, THF was used as a co-solvent.
Since all prior sol-gel film fabrication was performed in a methanol/water solvent system,
RAIRS spectra were acquired of pure silica films prepared with a 2:3 v/v THF/water
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solvent system. Fig. 5.12 shows these spectra for silica films made from sol-gel
preparations based on sols 3-5 ([H20]:[Si] of 200, 400, and 1000, respectively). These
spectra show a large peak at 1220 cm"' with a low frequency shoulder at ~1130 cm"' due
to the TO and TM

Va(Si-O-Si)

modes, and a broad band at -3400 cm"' due to v(OH) from

water and silanol species trapped within the film and at the surface. The molar ratios for
all materials used in these preparations are identical to those described in chapter 4, as
shown in Table 5.3. Since THF is -50% less dense than MeOH, the total volume
increases by -18%. However, since the molar ratio of [H2O]:[THF] is 10:1, this change
should have no effect on the resulting film morphology or thickness, since the aqueous
component of the sol controls the evaporation rate. This assertion is confirmed by
experiment as described below. Therefore, replacing MeOH with THF is a suitable
change for these sol-gel preparations.
Figs. 5.13a-g shows RAIRS spectra in the region between 800 and 1800 cm"'
from films prepared by method I with THF as the cosolvent with [TMOS]:[Fc] of 3:1,
7:1, 10:1, 15:1, 20:1, 25:1, 30:1, respectively, and a pure silica film based on sol 4 (Fig.
5.10f). In Figs 5.13a-c, the spectra show very distinct FcTEOS-related modes at 1410,
1127, and 1040 cm"'. When Fc-doped films are prepared in this manner, the amount of
Fc in the final film increases significantly compared to those films made with methanol
as the cosolvent. For example, for 4:1 [TMOS]:[Fc] films made with methanol (Fig.
5.10e and 5.lid), little evidence of Fc is seen in the RAIRS spectra. Clearly, the
corresponding films made with THF (e.g. Fig. 5.13a) have a much greater degree of Fc
incorporated based on the intensities of the Fc-related bands at much lower Fc-doping
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Figure 5.12 Effect of substitution of THF for methanol in sol solutions on RAIRS of
silica films on 3MPT-modified Au for [H20]:[Si] of a) 200, b) 400, and
c) 1000.
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Table 5.3: Sol compositions using THF to replace methanol as a co-solvent.
Sol 3

Sol 4

Sol 5

[H2O]

198

396

990

[HCl]

0.1

0.2

0.6

[THF]

20

40

100

[TMOS]

1

1

1
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Figure 5.13 RAIRS spectra for Fc-doped silica films from method I using THF as a
co-solvent for [TMOS]:[Fc] of a) 3:1, b) 7:l,c) 10:1,d) 15:l,e)20;l,
f)25:0, g) 30:1, and h) 0:1.
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ratios. Even films with low Fc content ([TMOS]:[Fc] of 10:1 to 20:1, Figs. 5.13d-g)
show visible signs of Fc in the film by the sharp peak at -1047 cm"'.
Although more Fc is incorporated into films made with THF, the reproducibility
of film preparation is still not very high. The two spectra shown for films of the most
similar preparations with [TMOS]:[Fc] of 7:1 and 10:1 (Figs. 5.13b and c, respectively)
show that Fc is incorporated inversely with concentration of the precursor, as suggested
by comparing the peak intensity at 1220 cm"' from SiOi with that at 1110 cm"' from Fc.
This lack of reproducibility is thought to be due to the inhomogeneity of the sol solution
from the low solubility of the condensation products. Although the FcTEOS is soluble
enough to easily dissolve into the THF/water solvent, condensation products, which are
much more prevalent at higher concentrations and longer reaction times, tend to be much
less soluble and create insoluble oligomers that can be unevenly deposited in the surface
film (see previously Figs. 5.6 and 5.7 and with supporting discussion for corroboration).
In an attempt to overcome this problem, a second method (method II) for Fcdoping was developed. To ensure that film integrity is not altered by extensive FcTEOS
polymerization in solution, the H2O, HCl, THF and TMOS were mixed and allowed to
react for 30 min prior to addition of FcTEOS. The goal of this strategy is to minimize the
condensation of FcTEOS while allowing maximum hydrolysis of the TMOS.
Figs. 5.14a-d through 5.16a-d show RAIRS spectra for Fc-doped sol-gel films
made by method II. These figures show films of [TMOS]:[Fc] of 3:1, 7:1, 13:1, and
25:1, respectively. Fig. 5.14 displays the entire mid-IR spectral region between 650 and
4000 cm"'. These spectra are divided into two major regions for more detailed analysis in
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Figure 5.14 RAIRS of Fc-doped silica films prepared from method II using THF as a
co-solvent with [TMOS];[Fc] of a) 3:1, b) 7:1, c) 13:1, and d) 25:1.
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Fig. 5.15 (1800 cm"' to 650 cm"') and Fig. 5.16. (3800 cm ' to 2700 cm"'). As for films
made using method I, these spectra are dominated by ethoxy peaks. Specifically, the
v(C-C) is observed at 1123 cm"', the v(C-C-O) at 1175 cm"', the Va(CH2) at 2886 cm"',
the Vs(CH2)fr at 2927 cm"' and the Va(CH3) at 2975 cm"'. Fc-specific peaks can be seen
in these spectra at 1039 cm"' for the v(C-SiOEt) and at 3092 cm"' for the aromatic v(C-H)
mode. A single silica peak can be seen as a shoulder at 1220 cm"' for the spectra in Figs.
5.14a-c and Figs 5.15a-c for [TMOS]:[Fc] of 3:1 to 13:1 and as a primary peak for the
spectra in Fig. 5.14d and Fig. 5.15d for a [TMOS]:[Fc] of 25:1.
The ethoxy peaks dominate these spectra for [TMOS]:[Fc] up to 13:1 due to
unhydrolyzed FcTEOS. It is unlikely that a significant amount of ethanol is trapped
within the films, because no evidence for methanol entrapment in films made from pure
TMOS is observed (see Chapter 4). Due to the relatively bulky ferrocene moiety, the
complete hydrolysis and condensation of FcTEOS is sterically hindered; thus, ethoxy
peaks for all dilutions will dominate the Fc peaks. Indeed, spectra in the v(CH) region in
Fig. 5.16 show the most intense peak to be the Va(CH3) peak at 2975 cm"' for all
[TMOS]:[Fc] dilutions. These spectra show that the Fc inclusion does indeed decrease
with the solution precursor ratio.
To attempt quantitation of the ferrocene trapped in the silica matrix the peak
absorbance of the Cp v(CH) at 3092 cm"' was plotted as a function of the theoretical
concentration of Fc in the film. The resulting plot is shown by the circles in Fig. 5.17.
These data behave according to the expected linear behavior, with a slope of 4.5 x 10"^
[Fc]. If the path length is estimated to be 6.5 nm (a midpoint between the 5.5 to 7.5 nm
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Figure 5.16 RAIRS of Fc-doped silica films prepared from method 11 using THF as a
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measured), the molar absorptivity (e) can be estimated to be « 69 M"' cm"' which is
consistent with values typically encountered in IR measurements. The intercept for this
Beer's law plot is 6.7 x 10"^. This large value can be explained by the low signal-to-noise
ratio of the Cp v(CH) peak, which approaches 2. This low signal-to-noise ratio is
partially responsible for the large error bars in this plot, however equally significant is the
inconsistency inherent in the film preparation.
Fig. 5.18 shows the v(C-H) region for a 25:1 [TMOS]:[Fc] film demonstrating the
difficulty in quantitative analysis of the Fc by IR spectroscopy. In this figure, 5.18a
demonstrates the simple background correction of the raw spectral data, which shows a
relatively large envelope dominated by the v(OH) for water and silanol groups, while a
small shoulder can be seen at ~3100 cm"' corresponding to the v(CH)cp mode which is
used for quantitation. The spectrum in Fig. 5.18b shows this peak after manual
subtraction of the v(OH) envelope. Clearly, any attempt at utilizing this miniseule peak
for quantitation is suspect to large errors do to poor signal. Fortunately these spectra
represent the extreme for this analysis and those films with higher S/N prove much easier
for extraction of quantitative data.
When the sol-gel precursor solutions are allowed to sit in a closed vial, the
solution changes from an orange/yellow, depending on the concentration, to a light green.
RAIRS spectra also demonstrate that the ferrocene undergoes some changes in the film as
they age. To accelerate aging, films were placed into an oven at 40°C for 2 days after
initial RAIRS spectra were taken. Squares plotted in Fig. 5.17 demonstrate that there is a
slight decrease in the total amount of v(CH)cp in the aged films. The resulting linear fit
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Figure 5.18 RAIRS spectra in the v(CH) region for a film prepared from a 25:1
[TMOS]:[Fc] solution fi-om method II demonstrating the difficulty for
quantitative determination of Fc content, a) Original spectrum baseline
corrected; b) Spectmm after manual subtraction of the water envelope.

for these aged films gives a molar absorptivity of-74 M"^ cm"\ similar to the value
obtained before aging.
Certainly, the amount of Fc decreases slightly as the films age, but what has yet to
be determined is the extent of hydrolysis and condensation of the FcTEOS, Since
previous results on unmodified silica films show no sign of organic material (i.e.
methanol, ethanol or THE) trapped in the films, the relative absorbance of the VaCCHs) to
the Cp v(CH) should give an estimate of the relative extent of hydrolysis and
condensation of the FcTEOS. Fig. 5.19 shows the result of this analysis for 2 day old
films (circles) and films aged at 40°C (squares) as a function of [TMOS]:[Fc] ratio. The
fresh films produce a linear fit of y = 2.2 [Fc] + 0.4 while the aged films produce a linear
fit of y = 1.7 [Fc] - 0.02. Two striking features are present in this data. The first is that
the apparent condensation is a function of the Fc concentration in the film. Specifically,
these results suggest that the more dilute the Fc in the preparation, the more complete the
hydrolysis. This can be rationalized by steric limitations encountered as FcTEOS
moieties aggregate. When the Fc concentration is higher, the aggregation should
logically increase due to a greater interaction frequency. The second feature in these data
is that the I[Va(CH3)]/I[v(CH)cp] ratio decreases for the aged films. If the aging process
simply removed Fc while leaving the remainder of the film unchanged, the opposite
effect would be expected. There is, however, a combination of several chemical changes
occurring simultaneously in the film. First, Fc is being lost presumably due to oxidation
of the Fc (see film aging discussion in the XPS section below), and second, further
condensation is taking place with the subsequent loss of ethanol.
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Overall, these aging studies suggest that the Fc is stable in the silica matrix, based
on the small changes in the IR spectra between the aged and fresh films in Figs. 5.17 and
5.19. The exact nature of the Fe speciation will be discussed further in the XPS section.

X-ray photoelectron spectroscopy. XPS was utilized to determine the relative atom
ratio of Fe to Si in these films, and to determine whether the Fc moiety surface segregates
during the spin-coating process due to the hydrophobic Cp rings in Fc. Initially, survey
spectra were taken to examine the overall quality of these films. Fig. 5.20 show the
survey spectra for films with [TMOS]:[Fc] ratios of a) 25:1 and b) 3:1 with
photoelectrons collected normal to the surface. Each of these spectra shows clear peaks
for 0 1s, and C Is. The spectra for the 25:1 film shows large peaks associated with Au
(Au 4f and Au 4d) indicative of defects in the surface. Upon close inspection, small
peaks can be seen for Fe 3d and Si (Si 2p and Si 2s). The 3:1 film is much more
coherent, as suggested by the complete absence of Au peaks in the spectrum. This
spectrum shows the O Is and C Is as the 25:1 film plus clear peaks for Fe 2p and Si (Si
2s and Si 2p). These spectra represent the bookends for the [TMOS]:[Fc] ratios
examined in detail below. Since the relative atom ratio of Fe to Si is determined
independently for each film, there should be no complications due to defects in the silica
films.
Since the vertical depth sampled in an XPS spectrum is given by the equation:

d = 3?^ cos a

5.1
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Figure 5.20 XPS survey spectra for Fc-doped silica films on 3MPt-modified Au.
Films prepared from [TMOS]:[Fc] ratios of a) 25:1 and b) 3:1 are shown.
Films were prepared by method II. The key peaks are labeled for clarity.
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where d is the depth sampled, X is the inelastic mean free path of the photoelectron and a
is the escape angle with respect to the surface normal, increasing the collection angle for
photoelectrons should show an increase in the intensity for species nearer to the
surface.^'^^ Although for these systems in which the entire film can be sampled at each
angle, the intensity Figs. 5.21-5.24 show spectra in the Fe 2p region between binding
energies of 700 and 740 eV and the Si 2p region between binding energies of 94 and 108
eV for Fc-doped films of [TMOS]:[Fc] of 3:1, 7:1, 13:1 and 24:1, prepared with method
II. These spectra were collected for each film at take-off angles with respect to the
surface normal of 0°, 45°, and 75°. After being corrected for surface charging by
assuming the C Is peak is at 284.5 eV, Fe spectra show peaks at binding energies of 707
eV and 720.3 eV corresponding to the Fe 2p3/2 and 2pi/2, respectively. The corrected Si
spectra show an unresolved doublet corresponding to the Si 2pi/2 and 2p3/2 with the peak
at 102.5 eV. Due to inconsistencies in the focus of the x-ray beam on the surface and the
collection optics for quantitation, the Si and Fe peaks from individual samples are ratioed
directly, and quantitation between different surfaces is not attempted.
The initial assumption is that the ratio of Si to Fe (as Fc) in the solution should be
equally incorporated into the final film. Thus, a 3:1 [TMOS]:[FcTEOS] film should have
5 Si for every 1 Fe, a 7:1 [TMOS]:[FcTEOS] film should have 9 Si for every 1 Fe, a 13:1
[TMOS]:[FcTEOS] film should have 15 Si for every 1 Fe and a 24:1 [TMOS]:[FcTEOS]
film should have 27 Si for every 1 Fe. The data presented in Figs. 5.21-5.24 were
quantitated by integrating the area underneath the peaks by region for Si 2p fit with a
linear baseline and for Fe 2p fit with a Shirley baseline.Using the relative sensitivity
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Figure 5.21 Angle resolved XPS spectra of Fe 2p (top) and Si 2p (bottom) for Fcdoped silica films of [TMOS]:[Fc] of 3:1 prepared with method 11.
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Figure 5.22 Angle resolved XPS spectra of Fe 2p (top) and Si 2p (bottom) for Fcdoped silica films of [TMOS]:[Fc] of 7;1 prepared with method II.
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5.23 Angle resolved XPS spectra of Fe 2p (top) and Si 2p (bottom) for Fcdoped silica films of [TMOS]:[Fc] of 13:1 prepared with method 11.
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Figure 5.24 Angle resolved XPS spectra of Fe 2p (top) and Si 2p (bottom) for Fcdoped silica films of [TMOS]:[Fc] of24:l prepared with method 11.

factors (RSF) for the Si 2p peak of 0.328 and for the summed Fe 2p peaks of 2.957 (F 1s
5 39

= 1.0), •

the integrated areas were ratioed to determine the Si:Fe (as Fc) ratio for each

film. These results are presented in Table 5.4. A discrepancy between the expected Si:Fe
atom ratio and the observed values from XFS is observed that becomes more significant
as the [TMOS]:[Fc] ratio increases. For example the 3:1 [TMOS]:[FcTEOS] film which
should have a ratio of 5:1 Si:Fe has a measured ratio of 5 ± 2:1. The 7:1 film, with an
expected ratio of 9:1, has a measured ratio of 7 ± 2:1. The 13:1 film has an anomalously
low 11 ±6:1 ratio (15:1 expected), and finally, the 24:1 film showed only a 15 ± 2:1 ratio
compared to the expected 26:1. These data clearly indicate an excess of Fe in the films as
sampled by XPS compared to the solution ratio, accentuated by surface segregation of Fc
in the film structure. Surface segregation can be attributed to the insolubility of FcTEOS
oligomers in solution as previously suggested by AFM and RAIRS. These aggregates are
less soluble than the smaller particles formed by the limited condensation products
attributed to the TMOS-only sol-gel, and they are hydrophobic because of the Cp ring
structure of the Fc. Therefore these particles surface segregate to the air-film interface
during spin-coating.
Since the escape depth of emitted electrons decreases at steeper analysis angles,
comparing data for electrons emitted perpendicular to the surface normal (0° take-off)
with electrons emitted at grazing angles (>75° take-off) might be used as an indication of
surface segregation of the atomic species in these Fc-doped silica films. Unfortunately,
due to the limited precision of quantitative XPS and the very thin films of interest here.
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Table 5.4: Quantitation of Si:Fe by XPS.
Si: Fe atom ratio
[TMOS]:[FcTEOS]

Expected

0°

45°

75°

3:1

5

5±2

3±1

4+1

7:1

9

7±2

5

5+2

13:1

15

11±6

15

9+2

24:1

26

15 ±2

12

13 ±2

^Errors are standard deviations for three samples.
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no definitive indication of surface segregation can be extracted from the angle dependent
XPS results.

Aging effect by XPS. Evidence for film aging can be seen in the XPS spectra as well as
the IR spectra. Two samples were prepared for XPS experiments: a 3:1 [TMOS]:[Fc],
which was placed in the vacuum system immediately after spin-coating and a bulk
monolith prepared by drying a 3 month old sol-gel solution of a 3:1 [TMOS]:[Fc]
preparation in an oven at -40 °C. The bulk monolith appears to be a deep blue-green in
color. As these solutions age, the solutions change color from orange-yellow to a faint
blue-green.
Fig. 5.25 compares the C Is spectra for the freshly prepared 3:1 film (Fig. 5.25a)
to the aged monolith (Fig. 5.25b). In each of these spectra two peaks are observed: a
major peak at 284.5 eV corresponding to the C Is for aliphatic C atoms in the ethoxy
groups of the FcTEOS (as well as entrapped ethanol and adventitious C contaminants)
and a smaller peak at 286.5 eV corresponding to the aromatic C Is from the aromatic C
atoms in the Cp rings. For the freshly prepared film, the Cp C Is peak appears to be -1/3
of the integrated area of the aliphatic C 1s peak. When the film is aged, the signal for the
Cp ring C Is decreases by approximately 2/3 in good agreement with the degradation
results presented in the IR section.
To identify the product of the ferrocene degradation, the Fe 2p region was
examined. These spectra are displayed in Fig. 5.26 for the freshly prepared film (Fig.
5.26a) and the aged monolith (Fig. 5.26b). The freshly prepared film is presumed to
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re 5.25 XPS spectra of the C Is region for a 3:1 [TMOS]:[Fc] ratio a)
prepared uhrathin Fc-doped silica film prepared by method II on 3MPTmoditied Au, and b) bulk glass aged as a sol suspension for > 3 months
prior to drying. I = 1000 cps for a and 500 cps for b.
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Figure 5.26 XPS spectra of the Fe 2p region for a 3:1 [TMOS]:[Fc] ratio a) freshly
prepared ultrathin Fc-doped silica film prepared by method 11 on 3MPTmodified Au, and b) bulk glass aged as a sol suspension for > 3 months
prior to drying. 1 = 1000 ops for (a) and 500 ops for (b).

represent the response of condensed FcTEOS with the Fe 2p3/2 peak at 707.0 eV and the
Fe 2pi/2 at 720.3 eV. This suggests that Fe is in a +2 oxidation state consistent with
Fc.^ '^" The full width half-max (FWHM) for these peaks is 1.2 eV. The spectra change
slightly for the aged monolith. The Fe 2p3/2 peak shifts to 706.5 eV and the Fe 2pi/2 shifts
to 719.4 eV while the FWHM increases to 1.7 eV. The decrease in binding energy
suggests a change in the species of Fe in the film, while the increase in the FWHM
suggests multiple types of Fe in the films. Although the initial expectation for the Fe
speciation due to the blue-green color was that the Fe was transformed from the orangered Fc to a combination of Fe'^'^^-oxides such as Fe304 and to a lesser extent FeOOH.
However, Fe304 has been shown to have binding energy for the Fe 2p3/2 of 708.3 eV^ '"'
while metallic Fe has a binding energy of 706.6 eV. This suggests that Fe is reduced to
metallic Fe as the Fc decomposes in the film structure. A similar trend has been seen
previously by Santini and co-workers.^ "" In the Santini study, K3[Fe(CN)6^'] was
imbedded in an Al203-Zn0 matrix. Initially, Fe'" peaks were observed at 709.6 eV and
712.2 eV, the latter being a shake-up satellite. After annealing the sample at 450°C, a
single peak was observed at 706.6 eV.

Inductively-coupled plasma-atomic emission spectroscopy (ICP-AES). To determine
the total amount of Fc incorporated into the film, ICP-AES was attempted. These
experiments should yield quantitative values for Fe incorporation in the films that can
then be compared to the cyclic voltammetric results. The theoretical incorporation of
ferrocene can be calculated by assuming that the molar ratio of [TMOS]:[Fc] in the sol
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solution will be that in the film. In other words, a solution preparation of 3:1
[TMOS]:[Fc] will lead to a film with five mols of Si (three from TMOS and two from
FcTMOS) to one mol of Fe. These films will pack into a volume defined by the surface
area of the electrode (normalized to 1 cm^) and a thickness as measured ellipsometrically.
To estimate the total weight of the film, a density must be assumed. The density assumed
here for the film is 2.5 g/cm^ which approaches, but is somewhat lower than that of
quartz.^For a [TMOS]:[Fc] of 3:1 from method II, the film should have a total volume
of 770 pL with a total mass of 1.9 |ug which for the purposes of this calculation will be
assumed to be purely Si02 and Fc. Thus, the film should consist of 1.2 p.g Si02 and 0.74
|j,g Fc (4.0 X 10"^ mol/cm^, or 5.2 M). The expected Fc concentrations and surface
coverages are listed in Table 5.5.
The digested films yielded concentrations of 19 ± 2 ppb, 6.8 ± 0.3 ppb, 2.1 ±0.1
ppb and 1.2 ± 0.2 ppb for films dissolved into 20.2 mL of 1% HF for [TMOS]:[FcTEOS]
of 3:1, 7:1, 13:1 and 25:1, respectively, each spin-coated ten times to increase the
thickness. Although the trend in these results is consistent with that expected, the
absolute values are low by approximately one order of magnitude. Thus, the results
obtained are highly suspect. A likely source for error in these measurements is that the
organic component of the Fc was inadequately digested by the HF solution. Thus, the Fe
was not released into the solution for ICF analysis. Given the XPS data, which agrees
with the expected values for Fe, the expected Fe concentrations will be used.
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Table 5.5: Expected concentration and surface coverage of Fc in doped-silica films.
[TMOS]:[FcTEOS]

Concentration (M)^

r (mol/cm^)

3:1

5.2

4.0 X 10"^

7:1

3.4

2.5 X 10"®

13:1

2.3

1.5 X 10"®

24:1

1.4

7.3 X 10"'°

50:1

0.8

3.5 X 10"'°

" These values calculated assuming film thicknesses as given for
Method II in Table 5.1.
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Cyclic Voltammetry. The overarching goal in the fabrication of these films is to create a
smart material that has controllable on-off conductivity. Thus, this material is best
examined by electrochemical experiments where the redox behavior of the dopant is
explicitly measured. Further insight into the conductivity properties of these materials
can be garnered by examining the peak positions, peak separation, and amount of charge
passed in the redox process at various scan rates. Since ferrocene is very sensitive to
small changes in the surrounding chemical environment,^ '*'* these key parameters are
expected to show changes at various doping ratios.
As alluded to in the previous sections, the preparation method I does not result in
reproducible films. Fig. 5.27 shows the first 15 potential cycles from -300 mV to 750
mV in 0.1 M NaC104 in H2O for a 4:1 [TMOS]:[Fc] film made from method I. In these
voltammograms, the first cycle shows a sharp oxidation wave for the conversion of Fc to
Fc^ at -450 mV. The reduction peak at -410 mV is shifted slightly from the oxidation
peak; however, this peak separation, AEp, of ~40 mV is consistent with well-behaved
surface-confined redox electrochemistry.^'^^ On further cycling, there is a significant
change in both the redox potential and current magnitude of these peaks. The potential
required for oxidation of Fc to Fc"^ decreases fi-om ~450 mV in the first cycle to -375 mV
in the twentieth cycle. A second, poorly resolved yet discrete oxidation peak appears to
be emerging at -350 mV. This second peak is much more obvious in the reduction
portion of the cycle at -100 mV where Fc"*^ is reduced to Fc. For this new redox process,
AEp is -250 mV, indicative of a kinetically-limited redox process. As the silica network
becomes hydrated, counterions can more easily diffuse into and out of the film thereby
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Figure 5.27 Cyclic voltammetry of a 4:1 [TMOS]:[FcTEOS] by method I in 0.1 M
NaC104 in H2O for 15 consecutive potential cycles. The arrows represent
the direction of peak change with increased cycling.
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decreasing the necessary overpotential for the redox process to occur. In addition, Fc has
been shown to have a lower oxidation potential in more polar e n v i r o n m e n t s . S i n c e
the redox potential for ferrocene/ferrocenium centers is very sensitive to the
microenvironment, the presence of the two waves suggests multiple ferrocene
environments within the film. This is most likely due to an inconsistent level of
aggregation of ferrocene within the films. Regions of high aggregation should need a
larger overpotential for oxidation. Since the Fc is cycled between a neutral and a positive
ion, counterion diffusion or migration must occur to maintain charge balance. In regions
of high Fc aggregation, more counterions must move into the interface to balance the
charge. Such movement is expected to be impeded by the silica network from the bulk
film structure as suggested by the results in Chapter 4. Thus, the oxidation of Fc in such
environments might be expected to be kinetically limited.
The dependence of the electrochemistry of films made from method I on counterion diffusion can be examined in more detail by performing a scan rate study. Fig. 5.28a
shows a series of cyclic voltammograms for a 3:1 film as a function of scan rate from
0.01 V/s to 1 V/s. When the peak oxidation current is plotted against

(Fig. 5.28b),

the data are linear, indicating that diffusion controls the magnitude of the current
observed. Since ferrocene is covalently linked into these films via Si-O-Si bonds,
diffusion of the redox species cannot control the response. Counter ion diffusion was
found to limit the electrochemical response for all Fc-doped films fabricated by method I.
The voltammetry shown in Figs. 5.27 and 5.28 represents the best available for
films prepared by method I. Fig. 5.29 shows a selection of other behaviors that are seen
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Figure 5.29 Cyclic voltammetry for Fc-doped silica films made with method 1 on 3MPT-modified Au of [TMOS]:[Fc] a)
7:1, b) 50:1, and c) 15:1. Ail voltammograms were obtained at 100 mV/s in 0.1 M NaC104 /acetonitrile.
K)
00

286
for films made in this manner for voltammetry performed in acetonitrile (ACN). Due to
the high degree of variability in the voltammetric data for films fabricated by method I, a
broad selection of voltammograms is shown in Fig. 5.29, rather than making an attempt
to analyze these data numerically. The voltammogram in Fig. 5.29a, fi:om a
[TMOS]:[Fc] 3:1 film, has a broad, reversible redox wave at 550 mV and a sharp,
reversible redox wave at 700 mV. These two distinct waves are an indication of two
ferrocene sites trapped within the film. Fig. 5.27b shows a voltammogram from a 50:1
[TMOS]:[Fc] film with a very sharp oxidation peak at -300 mV and a much broader
reduction wave. Fig. 5.27c shows a voltammogram from a 15:1 [TMOS]:[Fc] film with a
broad oxidation peak at -450 mV and a narrow symmetric reduction wave at -150 mV,
suggesting slow oxidation kinetics and rapid facile reduction kinetics. The
voltammograms shown in Fig. 5.27-5.29 represent the range of typical redox behavior for
the sol-gel films made from method I. Ultimately, the large degree of variability led to
the abandonment of method I in favor of the much more reproducible method II.
Figs. 5.30-5.33 show scan rate-dependent voltammetry in 0.1 M NaC104 in ACN
from 0.01 V/s to 1 V/s for 3:1, 7:1, 13:1 and 24:1 films prepared by method II,
respectively. The most important feature of all of these voltammograms is the increase in
uniformity of the redox wave with respect to those presented in Figs. 5.27 to 5.29,
however, these films still show a considerable degree of variability of the ferrocene
environment as manifest by inconsistent redox potentials. This will be discussed in detail
later in this section.
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Figure 5.30 Cyclic voltammetry for a Fc-doped silica film ([TMOS]:[Fc] of 3:1 by
method II). Scan rates of 10 mV/s, 25 mV/s, 50 mV/s, 100 mV/s, 200
mV/s, 500 mV/s and 1000 mV/s are shown. 0.1 M NaClO^ in ACN.
Electrode area (0.026 cm')
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Figure 5.31 Cyclic voltammetry for a Fc~doped silica film ([TMOS];[Fc] of 7:1 by
method II). Scan rates of 10 mV/s, 25 mV/s, 50 mV/s, 100 mV/s, 200
mV/s, 500 mV/s and 1000 mV/s are shown. 0.1 M NaClO^ in ACN.
Electrode area (0.026 cm^)
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Figiire 5.32 Cyclic voltarametry for a Fc-doped silica film ([TM.OS]:[Fc] of 13:1 by
method II). Scan rates of 10 mV/s, 25 mV/s, 50 mV/s, 100 mV/s, 200
mV/s, 500 mV/s and 1000 mV/s are shown. 0.1 M NaClO., in ACN.
Electrode area (0.026 cm^)
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Figure 5.33 Cyclic voltammetry for a Fc-doped silica Aim ([TMOS];[Fc] of 25:1 by
method II). Scan rates of 10 mV/s, 25 mV/s, 50 mV/s, 100 mV/s, 200
mV/s, 500 mV/s and 1000 mV/s are shown. 0.1 M NaClO^ in ACN.
FJectrode area (0.026 cm')

Before a discussion of the thermodynamics of Fc electrochemistry in these films it
is instructive to develop a clear understanding of the mechanism for electron transport
through these films. For redox sites with surface-confined reactants, a linear relationship
between peak current and the scan rate is expected according to the equation:

i =

n'F^VCl

^

5.2

where n is the number of electrons transferred per mole of redox species, F is Faraday's
constant, v is the sweep rate, V is the volume of the film, Co' is the concentration of the
redox species in the film, R is the ideal gas constant and T is the temperature. This
relationship predicts a linear dependence of ip on v in contrast to the diffusion-limited
behavior in which ip is proportional to v

1n

as shown in Fig. 5.28.

Fig. 5.34 and 5.35 shows data for ip as a function of v data for films created from
3:1 (Fig. 5.34a), 7:1 (Fig. 5.34b), 13:1 (Fig. 5.35a) and 25:1 (Fig. 5.35b). These results
are also listed in Table 5.6. In these data, the scan rate dependence from three electrodes
is presented individually for each preparation with each set of three samples prepared on
the same day. In Fig. 5.36, averages of each dataset are taken with the standard deviation
used as the y-error bar. The slopes of the linear relationships observed for each
preparation are 5.6 x 10 ®, 4.3 x 10"®, 3.0 x 10"® and 1.8 x 10'® F for the [TMOS]:[Fc]
preparations 3:1,7:1, 13:1 and 25:1, respectively. These data clearly show a linear
dependence of the peak current with scan rate, confirming a surface-bound redox process.
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Figure 5.34 Peak current as a function of scan rate for films made from [TMOS]:[Fc]
of a) 3:1, and b) 7:1. Best fit trendlines are shown fit tlirough the origin
indicating surface-confined electrochemistry. Data fi^om three electrodes
are shown for each preparation. All films were prepared by method 11.
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Figure 5.35 Peak: current as a function of scan rate for films made from [TMOS]:[Fc]
of a) 13:1 and b) 25:1. Best fit trendlines are shown tit through the
origin indicating surface-confined electrochemistry. Data from three
electrodes are shown for each preparation. All films were prepared by
method II.
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Table 5.6: Summary of cyclic voltammetric data for the oxidation wave of FcTEOS
immobilized in a sol-gel silica matrix based on a 0.026 cm^ electrochemical cell.
[TMOS]/[Fc]

Scan Rate
(mV/s)

lp,exp
(nA/cm^)''

3

10

7

13

24

.theo (f-iAycm )

%Fc
oxidized

3.4 ±0.2

35

9.7 ±0.5

25

7.8 ±0.7

87

8.9 ±0.8

50

15 ±0.7

175

8.6 ±0.4

100

29 ±5

350

8.0 ± 1

200

53 ±5

700

7.6 ±0.6

500

120 ± 10

1750

6.8 ±0.7

1000

220 ± 20

3500

6.3 ±0.6

10

2.8 ±0.3

22

13 ±2

25

6.1 ±0.1

54

11 ±0.7

50

14 ±5

109

13 ± 5

100

29 ±6

217

13±3

200

50 ±30

435

12±6

500

110±40

1087

10±3

1000

168 ± 6

2173

7.7 ±0.2

10

1.9 ±0.6

13

15±5

25

4.1 ±0.9

32

13±3

50

8± 1

63

13 ±2

100

15±6

126

12 ±3

200

28 ±7

253

11 ± 3

500

60 ±20

632

8 ±3

1000

120 ±40

1264

9 +3

10

1.4 ±0.1

7

21 ±2

25

3.0 ±0.4

17

18±3

50

5.6 ±0.1

34

17 ±0.4

100

11 ±0.4

67

16 ±0.6

200

18 ±0.6

134

13 ±0.4

500

39 ± 1

336

12 ±0.4

1000

72 ±3

671

11 ±0.5

ip

^ ip,exp values based on n = 3 samples for [TMOS]:[Fc] = 3:1, 7:1, and 13:1 and n = 2
samples for [TMOS]:[Fc] = 24:1.
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Figure 5.36 Peak current as a function of scan rate for films made from [TMOS]:[Fc]
of 3:1,
7:1, O; 13:1, A and 25:1, 0. All films were prepared by
method II and the voltammetry was performed in 0.1 M NaClO,, in
acetonitrile.
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Within the high concentration films (Fig. 5.34; squares, circles in Fig. 5.36), the
voltammograms exhibit similar peak currents for each of three separate films. For the
lower concentration films (Fig. 5.35; triangles, diamonds in Fig. 5.36), much more
variability in response is observed. The data for the film from 25:1 [TMOS]:[Fc]
solution (diamond) is averaged from only two surfaces. The third surface showed peak
currents more than two times larger (>100% more current) than the two averaged
voltammograms. The decrease in reproducibility between films at lower Fc
concentrations can be partially attributed to the smaller currents in the lower
concentration films. More specifically, the decrease in redox current with respect to
background current causes an increase in the error associated with measuring the peak
currents. There is also a contribution from the "passivating" nature of the silica film,
which is accentuated as the ferrocene is diluted.
According to equation 5.2, the slopes of the lines plotted in Fig. 5.36 should be
linear with the concentration of Fc within the film. Indeed, Fig. 5.37 shows a clear linear
dependence of slope of the scan rate study (i vs. v) on concentration of Fc within the film.
The slope should be n^FV/(4RT) or -1.6 x 10"^ C/(V M). The observed magnitude of
this slope is approximately one order of magnitude smaller than expected suggesting that
the observed current does not reflect the full incremental increase in number of
electroactive species with increase in Fc concentration. That this is indeed the case can
be seen from the results of % Fc oxidized in Table 5.6: films of 3:1 [TMOS]:[Fc] are
-8% oxidized, 7:1 [TMOS]:[Fc] films are -12% oxidized, 13:1 [TMOS]:[Fc] films are
-13%i oxidized, and 25:1 [TMOS]:[Fc] films are -15%) oxidized. These results suggest
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Figure 5.37 Slope of peak current vs. scan rate as a function of Fc concentration from
the data shown in Figure 5.35.
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that only a portion of the Fc-moieties, perhaps only those at the solution interface are
available for electron transfer.
A more accurate assessment of the fraction of electroactive Fc in these films
comes from integrating the charge passed in the cyclic voltammetric sweep and
calculating the number of electroactive Fc moles from Faraday's law:

Q = nFN

5.3

where Q is the charge in Coulombs, and N is the moles of electroactive Fc. Table 5.7
summarizes the integrated charge, the fractional electroactive coverage, and the predicted
charge of a film in which 100% of the Fc is electroactive. These data represent a much
larger pool of experimental results than those listed in Table 5.6, with films prepared on
multiple days, rather than films prepared exclusively in tandem, thus the errors represent
a more accurate portrayal of the true variability of the film preparation. Globally these
results indicate that 10-20% of Fc in these films is in an electrochemically active state,
with no apparent dependence on preparation. This is not surprising, since the total
concentrations of the Fc in the films are all approaching or greater than 1 M.
Understanding quantitatively the total amount of Fc trapped in the film versus
what fraction of that total Fc is electroactive is important in the development of a model
for electron transport within the film. For instance, if 100% of the Fc centers are
available for redox reactions, a model that allows charge compensation to be achieved for
Fc^ centers throughout the film must be used; if substantially less than 100%) of the Fc
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Table 5.7: Summary of cyclic voltammetric data for the oxidation wave of FcTEOS
immobilized in a sol-gel silica matrix.
r (mol cm'•^)x 10'°

(l^C/cm^)
[TMOS]:[Fc]

Experimental

Theoretical

Experimental

Theoretical

%Fc
Oxidized

n

3

50 ±28

363

5.0 ±3

38

13±8

8

7

30 ± 24

226

3.0 ±3

24

13± 12

15

13

13±6

131

1.4 ±0.5

13

11±4

13

25

14 + 8

70

1.4 ±0.9

7.3

19± 12

13

50

2.0 ±5

35

0.4 ±0.2

3.5

11 ±5

6
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centers are available for redox reaction, a charge hopping mechanism that allows Fccenters in electronic communication with one another to shuttle electrons through the
film must be invoked. Further results that allow some level of distinction between these
two models are discussed below.
The voltammetric data above suggests that only a portion of the Fc centers can
undergo formal redox conversion. One scenario to account for this observation would be
that only the Fc species at the outer edge of the film are available for redox conversion
due to their accessibility to charge compensating ions in solution. If this hypothesis is
correct, increasing the thickness of the film should not increase the total amount of
charge passed in a cyclic voltammetric experiment. Figs. 5.38 and 5.39 show the cyclic
voltammograms for films from [TMOS]:[Fc] ratios of 7:1 and 25:1, respectively as film
thickness is increased by spin-coating once, five times and ten times. In Fig. 5.38, each
of the films show similar electrochemical behavior with a Fc oxidation peak -400 mV
and a reduction peak -350 mV. The voltammograms presented are representative traces,
which have integrated charges near the average of three films prepared for each
thickness. In Fig. 5.39, the kinetics of the charge transport process play a larger role with
the oxidation peaks -500 mV and the reduction peaks -400 mV. The most important
feature of these voltammograms is shown in Fig. 5.40 where the surface coverage of
oxidizable species. Fox is plotted as a function of the number of sol-gel depositions
performed. These data show no dependence on the thickness of the film or the total
number of oxidizable species present in the film. Since each spin-coating step deposits
approximately the same amount of Fc into the film, these results suggest that only those
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Figure 5.38 Cyclic voltammetiy for a Fc-doped silica film prepared by method II
([TMOS]:[Fc] 7:1) for films spin-coated Ix, 5x and lOx. 100 mV/s; 0.1
M NaC104 in acetonitrile.
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Figure 5.39 Cyclic voltammetry for a Fc-doped silica film prepared by method II
([TMOS]:[Fc] 25:1) for films spin-coated 1 x, 5x and lOx. 100 mV/s;
0.1 M NaClO^ in acetonitrile.
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Figure 5.40 Electroactive surface coverage of Fc-centers for films spin-coated Ix, 5x
and lOx, for [TMOS]:[Fc] of 7:1 • and 25:1 •. All films fabricated by
method II.
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Fc-centers present in the near-surface region of the film, where they can remain solvated
in a gel-like state and have accessibility to charge-compensating counter ions, undergo
redox reactions.
If this hypothesis that the films are only electroactive in a solvated region at the
film-solution interface is true, then the solvent/electrolyte system used should have a
significant impact on the electrochemical response. Because different solvents and
electrolytes could show drastic changes in ionic mobility due to differing solvents and
ions used. From this, a junction potential can arise, which will hinder the redox process,
possibly even eliminating
Fig. 5.41 shows the dependence of the electrochemical response of a
[TMOS]:[Fc] film of 7:1. In this experiment, the initial voltammogram was acquired in
0.1 M NaClOVacetonitrile. The expected reversible oxidation and reduction peaks are
seen at 450 and 425 mV, respectively. The solvent was then changed to water without
first removing the acetonitrile from the film. The redox activity is then nearly completely
inhibited below 800 mV; only a small oxidative wave can be seen at -550 mV with a
reductive wave at -200 mV.
A different picture comes to light when the results of Fig. 5.42 are examined.
This figure shows the voltammetry of a 7:1 film in 0.1 M NaC104 in acetonitrile upon its
initial cycle (Fig. 5.42a) after a steady state has been reached (Fig. 5.42b), and the
identical area in 0.1 M NaC104/acetonitrile after being thoroughly dried under a stream of
nitrogen (Fig. 5.42c). In each of these voltammograms, reversible Fc oxidation and
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Figure 5.41 Cyclic voltammetry for a single Fc-doped silica film with [TMOS]:[Fc]
ratio of 7:1 by method II. a) initial voltammogram in 0.1 M NaC104 in
acetonitrile; b) voltammogram after the solvent/electrolyte was changed
to 0,1 M NaClO^ in HjO without equilibration; 100 mV/s.
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Figure 5.42 Cyclic voltammetry for a single film of [TMOS]:[Fc] 7:1 by method II in
O.IM NaClO^ in a) acetonitrile initial cycle, b) acetonitrile after aging for
20 cycles and c) after equilibrating for 20 cycles in HjO; 100 mV/s.
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reductions waves can be clearly seen, with Ep,ox values of 625 mV, 585 mV, and 415 mV,
respectively. The reduction potential of Fc is known to decrease as the polarity of the
solvent increases; therefore, these results agree well with previously reported data.^ ''^ As
the electrochemistry is hypothesized to take place in a hydrous gel layer at the filmsolution interface, the relatively slow mixing of the water with the acetonitrile-based gel
indeed gives rise to a junction potential which hinders redox processes due to different
mobility of the Na^ and CIO4" across the gel-electrolyte solution interface.^ '*''^'^''
The peak broadening seen between Figs. 5.42b/c shows a difference in the
uniformity of the polar environments within the gel region of the film in water and
acetonitrile. From this data it is clear that Fc exists in a broader range of polar
environments when water is used (e = 78) than it does for acetonitrile (s = 38).^'''^
There appear to be no other discernible thermodynamic trends in these films
because of the large discrepancy of the peak potential as well as the kinetic limitations.
Table 5.8 and Fig. 5.43 show the E° value estimated by averaging the oxidation and
reduction peak potentials, based on a perfectly Nemstian model for films ranging from
[TMOS]:[Fc] ratios of 3:1 to 50:1. The error reported is one standard deviation. There
appears to be a slight decrease in the reduction potential as the Fc-moiety is diluted in the
film. This decrease can be attributed to the decrease in the overall hydrophobicity of the
interface as Fc is removed; thus, more water can be retained in the film leading to a lower
E°.
Table 5.8 and Fig. 5.44 show the peak separation, AEp, for the same set of data.
As for the E° results, the range of values observed is large with standard deviations of
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Table 5.8: Summary of peak potential data for the FcTEOS-modified silica films taken at
100 mV/s in 0.1 M NaClOVacetonitrile.
[TMOS]:[Fc]

E° (mV)

AEp (mV)

3:1

479 + 74

97 ±41

7:1

536 ±53

62 ±21

13:1

463 ± 79

66 ±51

25:1

416 ±77

96 ±81

50:1

364 ± 95

155 ±48
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Figure 5.43 E° as a function of [TMOS]:[Fc] for cyclic voltammetry experiments at
100 mV/s, in 0.1 M NaClOyacetonitrile. All films fabricated by
method II.
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Figure 5,44 Peak separation as a function of [TMOS]:[.Fc] ratio for cyclic
voltammetry experiments at 100 mV/s, in 0.1 M NaClOyacetonitrile. All
films fabricated by method 11.
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~50% due to the large deviation inherent in the film preparation procedure. The AEp
values indicate a slight increase with increasing [TMOS]:[Fc]. This trend suggests
increasing kinetic complications in the electron transfer process, probably due to
decreased accessibility of charge-compensating counter ions, as the Fc centers become
more dilute in the
Collectively, the data presented above strongly suggest a mechanism in which the
ferrocene that are available for redox reactions reside solely on the outer edge of the film.
If this assertion is true, then the only open question is how the charge is transported
through the film to these Fc redox centers. The two most likely possibilities are electron
hopping through the bulk of the film or electron transfer only to Fc species at pinhole
defects. Fig. 5.45 shows the results for films made from a 13:1 [TMOS]:[Fc] solution
(Fig. 5.45a) and a 24:1 solution (Fig. 5.45b). In the voltammograms for the 13:1 film a
broad oxidation peak is seen at 550 mV in the forward potential sweep and a small
reduction peak is seen at -200 mV. The shape of this voltammogram is stable through
multiple cycles indicating that the Fc oxidized in the forward sweep is completely
reduced in the reverse sweep. For the 24:1 film the oxidation peak is obscured at
potentials below 800 mV. There is some indication of redox electrochemistry in that a
small, broad reduction wave is seen at ~200 mV. Clearly, these voltammograms do not
show the reversible behavior of the films presented in Figs. 5.30-5.33.
The less concentrated Fc-doped films are expected to have a much higher
propensity for redox behavior that is completely blocked by "high quality" silica, since
the highly cross-linked silica film inhibits counterion diffusion into the film. Although
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Figure 5.45 Cyclic voltammetxy for Fc-doped silica films with very highly crosslinked silica which allows little redox activity, a) 13:1 film; b) 24:1 film
in 0.1 M NaC104/acetomtrile at 100 mV/s. Films fabricated by
method II.

nothing was changed in the preparation of these films compared to the others described
above, these films support much less redox activity than the others for a given
concentration of Fc. Based on this behavior, one concludes that defects are the most
likely cause for greater redox activity in some films but not in others. Since in the
absence of defects, the potential drop across the silica film renders the potential at the
outer edge of the film too small to support Fc oxidation in the film, very little redox
activity is observed.
As fiirther evidence for the important role of defects in the redox activity of these
films, another infrequent but observable behavior is relevant. Fig. 5.46a shows the initial
steady-state voltammogram for a 13:1 [TMOS]:[Fc] film with only a small amount of Fc
redox current at -600 mV. During potential cycling, a spontaneous increase in the redox
current occurred, most likely from a systemic fracturing of the film, opening more of the
film to solution contact. Although this is not a frequent event, occurring for only three or
four films out of hundreds of films investigated, these results are further evidence that
counterion balance can only be achieved in regions of the film that can be brought into
contact with solution.
These results led to the hypothesis that the initial electron transfer between the Fc
and the electrode occurred at the bottom of a film defect that penetrated all the way to the
electrode surface, allowing some solution and counterions to reach all the way through
the film. If this picture is accurate, then electron transfer should be inhibited by filling
these pores in a way that blocks counterion access to the Fc centers immediately adjacent
to the electrode surface. In order to achieve such blocking, Fc-modified silica films were
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Figure 5.46 Cyclic voltammetry of films of [TMOS]:[Fc] 13:1 from method 11
a) before and b) after spontaneous "fracture" in 0.1 M NaC]04 in
acetonitrile; 100 mV/s.

immersed for ~24 h in 20 mM undecanethiol in ethanol. The goal of this postmodification is to block charge compensation to Fc-centers that reside at the surface of
the pinhole defects such that Fc-redox current is shut-off by forming a small patch of a
self-assembled monolayer of undecanethiol at the exposed Au at the defect site. Fig.5.47
shows the results of these experiments for films of 7:1 (Fig. 5.47a) and 25:1 (Fig. 5.47b)
[TMOS]:[Fc]. These voltammograms show a very small degree of oxidation, but there is
no visible sign of a reversible peak. These results confirm that pinhole defects are
absolutely necessary to support redox current at the film surface. Table 5.9 lists the
surface coverage of redox active ferrocene before and after modification with
undecanethiol. As Fc is diluted in the film, the decrease of active Fc centers approaches
100%. This is partially attributed to the relatively small signals of dilute films, but is also
likely a real effect due to differences in the uniformity of each preparation. Thus, as the
Fc is diluted in the sol-gel, fewer defects form in the film network during spin-coating
and the films are more inherently insulating.
To attempt to further confirm defect-based redox activity of these layers, films
were fabricated from a 13:1 [TMOS]:[Fc] ferrocene layer spin-coated directly on top of
an undoped insulating silica layer made from sol 4 (~8 nm thick). In the first potential
cycle between -200 and 800 mV, Fig. 5.48a shows no redox current or appreciable iR
current. This is due to separation of the Fc-moieties from the electrode surface by the
insulator. Thus, no electrochemical reactions can occur. Further potential cycling causes
the underlying silica to fi'acture, opening the film to ion-mobility. Although there is no
direct evidence for these films breaking-up with redox cycling (eg. SEM, AFM or STM
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Figure 5.47 Cyclic voltammetry of films of [TMOS]:[Fc] from method 11 a) 7:1 and
b) 25:1 after treatment with undecanethiol. Voltammograms were
acquired in 0.1 M NaClO.^ in acetonitrile; 100 mV/s.
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Figure 5.48 Control experiment for Fc-doped silica film. Fc film from method II
(13:1 ratio) was deposited on top of an ~8 nm thick silica film, a) initial
trace showing a small degree of iR current, b) insulating film breakdown
cycle 15; larger charging current, c) complete film breakdown cycle 60,
redox current seen. All voltaminograms were in 0.1 M NaClO^ in
acetonitrile; lOOmV/s.
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images before and after film breaking), precedence for fracture of insulating films under
"short-out" conditions is described in Chapter 4. Fig. 5.48b shows very inhibited electron
transport beginning to develop within the film structure, which ultimately allows redox
electrochemistry to occur Fig. 5.48c. In order for a film with this architecture, that
initially shows "perfectly" insulating behavior to undergo a change to reversible
electrochemistry, catastrophic failure of the film must occur such that portions of the Fcdoped film are in direct electrochemical contact with the Au surface. These results
support the defect-based mechanism described, while showing the potential promise for
fabricating working multilayer structures out of doped and undoped sol-gel structures.
Similarly, films that are very dilute in Fc have occasionally exhibited another
unusual behavior that is shown in Fig. 5.49. In this case a 95:1 [TMOS]:[Fc] film was
cycled repeatedly in air saturated 0.1 M NaC104 in H2O. The initial cycle (Fig. 5.49a)
shows reversible Fc redox activity with an oxidation peak at -385 mV and a reduction
peak at -150 mV. After ~1 h of cycling between -200 and 1000 mV at 100 mV/s, the
voltammogram in Fig. 5.49b was observed in which no discernible redox reactivity is
present, and the appearance of the voltammogram is reminiscent of the defect free films
described in Chapter 4. The likely explanation of this behavior is that in the oxygen rich
environment the unstable Fc"^ oxidizes to an insulating Fe-oxide, which blocks the
pinholes that support charge transfer. This behavior can only be seen under the proper
conditions, and was only observed in three films: two 95:1 films and a 25:1 film.
Collectively, these results indicate two necessities for electron transfer to and
from the ferrocene-doped silica film. The first is coherent, continuous electronic contact
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Figure 5.49 Cyclic voitammetry of a film of [TMOS]:[Fc] from method 11 of 95:1 a)
before and b) after spontaneous "blocking" of defects. 0.1 M NaClO., in
acetonitrile; 100 mV/s.
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between the electrode and the ferrocene centers in the film, and the second is electronic
contact with the counterions in solution. Based on these results, a schematic
representation of the proposed electron transport process through these films is shown in
Fig. 5.50. Fig. 5.50a illustrates the desirable ideal mechanism for redox activity of these
films with all of the redox activity being confined to the outermost Fc-centers. Electrical
contact is made to the electrode surface by electron hopping through buried Fc-centers.
These buried Fc-centers do not undergo redox conversion, because counterions cannot
penetrate the silica matrix. This scheme would allow these films to shuttle electrons
through an otherwise insulating silica layer to the outermost edges of the film without
redox conversion of the majority of redox active species in the film. Unfortunately, this
model, though desirable, does not adequately describe the system.
For the potential drop across the film to reside primarily at the redox active Fccenters, the film cannot be comprised of a simple dense dielectric with charge hopping
centers. In this model, the electric field would decrease linearly over the entire thickness
of the film, since the buried Fc-centers cannot maintain a (+) charge due to inhibited ion
mobility into the film. The experimental implications for this model are highlighted in
Fig. 5.45. Thus, to show reversible, surface-confined electrochemistry, a network of
pinhole defects must be present. These pinholes allow for ion mobility to the electrode
surface, and thus, Fc-centers near the metal-film interface can maintain a charge. These
Fc-centers can then shuttle electrons to other Fc-centers near the surface of the defects
and ultimately to the surface of the film. A model of this behavior is shown in Fig. 5.50b.
Fig. 5.47 and Table 5.9 support the validity of this model, which demonstrate that
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Figure 5.50 Schematic representation of the redox electrochemistry of Fc-doped
silica films. Ideal case with an electron hoppmg mechanism through a
perfectly insulating silica matrix. See text for details. Solid circles
represent Fc-centers which take part in the electron transport of the fikn,
and open circles represent Fc centers that cannot maintain charge
balance; arrows show possible electron transfer pathways.
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reversible electrochemistry cannot be maintained if a dielectric material such as
undecanethiol fills the pinholes.

Mediated electron transfer. These silica-based redox active films should exhibit
electrocatalytic behavior by oxidizing solution species with lower oxidation potentials.
For example, in the case of Fc-doped silica films when held at a potential greater than the
Fc oxidation potential, Fc^ should be able to catalytically oxidize Fe(CN)6''" according to
the scheme shown as equation 5.4.

• Fc ^ Fc^
Fc^ + Fe(CN)6^" ^ Fc + Fe(CN)6^-

The ability of these Fc-doped silica films to serve as electrocatalysis toward species is
demonstrated in a cyclic voltammetry experiment in 5 mM Fe(CN)6''". In this
experiment, reduced Fe(CN)6''" (Fe") is oxidized to Fe(CN)6^'

by the reduction of

electrogenerated Fc^ within the film to Fc. Since the redox potential of Fc is larger than
Fe(CN)6^", the Fc in the film can only oxidize Fe(CN)6''' but not reduce Fe(CN)6^". Fig.
5.51 demonstrates this mediated electron transfer for [TMOS]:[FcTEOS] films of 3:1
(Fig. 5.51a), 7:1 (Fig. 5.51b), 13:1 (Fig. 5.51c) and 25:1 (Fig. 5.51d). The redox behavior
of Fe(CN)6''" at bare Au is shown as a reference (Fig. 5.5le). In voltammograms (a)-(d),
as the potential is swept positively from -200 to 800 mV, current begins to flow at -200
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Figure 5.51 Mediated electron transfer to 5 mM Fe(CN)/" by [TMOS]:[Fc] films of
a) 3:1, b) 7:1, e) 13:1 and d) 25:1. The E° of the Fe(CN)/' redox reaction
is shown by e) at a bare Au electrode. All films were fabricated by
method II; all voltammograms were taken at 100 mV/s in 5 mM
Fe(CN)/70.1 M NaClO., in H^O.
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mV due to oxidation of Fc to Fc^ and subsequent mediated oxidation of Fe(CN)6''" to
Fe(CN)6^". Oxidation peaks are observed at 425 mV, 550 mV and 750 mV, with no
apparent dependence on the preparation. For these films, the peak potential is an
indication of the size of the pinholes that allow counter ion and Fe(CN)6'*' conduction,
rather than a kinetic limitation of the electrocatalytic oxidation reaction. Thus, larger
peak potentials indicate films that have either fewer or smaller pinholes that give rise to
kinetic limitations to the redox processes due to counter ion and Fc(CN)6''' movement.
When the potential sweep is reversed, the current magnitude returns to the capacitive
baseline. The current magnitude for Fc-doped silica films in aqueous media is on the
order of lOO's of nA, which suggests that each electroactive Fc-center turns over -10 to
100 times over the course of these experiments. The complete lack of reduction current
suggests that the catalytic reaction shown in equation 5.4 accurately describes the
electrochemical behavior seen in Fig. 5.51.

CONCLUSIONS
The work in this chapter has demonstrated that structurally uniform, ultrathin
films of ferrocene-doped silica can be fabricated. These films exhibit some particle
aggregation due to the limited solubility of Fc-sols, which are not present in purely silicabased sol-gel films. By fully hydrolyzing the TMOS moiety prior to introduction of the
FcTEOS, this aggregation can be limited (i.e. using method II rather than method I for
film fabrication). Decreasing the amount of Fc incorporated into the film produces more
uniform films, with the ultimate limit being the pure-silica film.

RAIRS studies demonstrate other difficulties when trying to incorporate
organomettallic components to inorganic sol-gels. The FcTEOS does not uniformly
hydrolyze and condense as suggested by the large aliphatic v(CH) peaks between 2800
cm"' and 3000 cm"', which can be attributed to both trapped ethanol and incompletely
hydrolyzed FcTEOS.
XPS allowed quantitation of the Fc incorporated into the film. Films fabricated
with method II exhibit a slightly greater level of Fc incorporation into the film than
expected based on solution composition. Angular dependence of the XPS Fe signal
suggests a small amount of Fc segregation to the sol solution surface during spin-coating
due to its hydrophobic nature.
Ferrocene trapped in a silica matrix behaves electrochemically similar to
ferrocene entrapped in polymer matrices, with the exception that silica cannot be
significantly affected by swelling. Thus, only a small fraction of ferrocene centers are
available for redox electrochemistry, even at slow scan rates (10 mV/s). Since ion
mobility is limited to Fc in thin solvated regions at the solution-film interface, the
electrochemical response is dependent on the dielectric constant of the solvent used for
the electrolyte solution. The Fc species at the solution-film interface are in electrical
contact with the electrode surface by charge hopping from ferrocene center to ferrocene
center; however, ion conduction avenues must exist through pinhole defects in the film to
balance charge to Fc centers near the Au electrode surface to support this charge hopping.
The success of conferring electrical activity on these films by doping with ferrocene
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allows them to be potentially useful as electroeatalytic materials, or smart materials, in
which conductivity is turned on or off based on the bias potential of the electrode.
Since FcTEOS is such a difficult precursor to handle (i.e. poor solubility in
methanol/water, grossly different hydrolysis and condensation rates from TMOS), it may
not be the best redox species for doping. Nonetheless, the great utility of this work is that
a general procedure has been developed for fabricating ultrathin doped silica films by
nearly any dopant that can be synthesized with a sol-gel moiety [R-Si-(OMe)3].
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CHAPTER 6

PATTERNING SILICA FILMS: SCANNING PROBE LITHOGRAPHY
FOR NANOCHANNEL ELECTRODE FABRICATION

INTRODUCTION
Previous chapters demonstrate the development of films with a single dimension
(z) on the nanometer scale. For these materials to become useful for grander schemes
than purely basic materials research; they must be spatially defined in two other
dimensions (x, y). When these materials can be successfully patterned, working
electronic circuits or devices can be fabricated.
Nanoscale fabrication of oxide surfaces is an important step in the continuing
development of faster, smaller electronic and electrochemical devices. Recently, new,
"unconventional" techniques for nanostmcture fabrication have been reviewed by Xia e?
al.6' 1' 6' 2 These techniques include methods which rely on photons (i.e. ultraviolet (UV),
deep-UV, extreme-UV and x-rays), charged particles (electrons and ions), and direct
physical machining (i.e. scanning probes). Of these techniques, scanning probe
lithography (SPL) has proven to have resolution that rivals or exceeds all other
techniques. SPL-specific review articles have been published highlighting the progress
of this family of lithographic techniques.®'^ The majority of reported work on SPL
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utilizes conductive tips to electrochemically® '' etch the uppermost surface of an
adsorbate^'^"^'^ or constructively modify the surface electrochemically.'''®"^ '^ Processes
which rely on electrochemical etching are limited in scope due to the necessity of
conductive tips and substrates.
An alternate approach, direct mechanical etching of surfaces, or scratching, has
been shown to have considerable promise for fabricating functional nanostructures.^^^ In
a series of papers, Lieber and co-workers demonstrate machining of ultrathin M0O3 films
on M0S2 single crystals/'^'^"^ '^ The materials employed in these studies allow
demonstration of fabrication (i.e. cutting structures in the M0O3), manipulation, (i.e.
sliding patches of M0O3 across the M0S2 surface), and analysis (i.e. imaging the surface)
at each step in the fabrication/manipulation procedure. Others have also utilized direct
mechanical SPL to scratch soft resist layers® '® or alkanethiol self-assembled monolayers
(SAMs)®'^^ deposited on hard surfaces.
Fang and co-workers have performed systematic experiments with mechanical
SPL of a smooth A1 film.^'^' Their results demonstrate that the depth of the nanochannel
created is directly, though non-linearly, related to the applied force. Similarly, as the load
increases (between 4-20 j^N), the roughness within the channel increases due to
pressure-induced deformation of the substrate. To circumvent roughness issues, they
demonstrate that deep channels can be etched by scribing multiple times over the same
channel.
SPL has practical limitations for the fabrication of commercial devices due to
throughput considerations associated with the necessary serial fabrication involving a
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single tip being dragged across a surface. The development of multiple-tipped
A OO ^ O

cantilevers for increased throughput has been demonstrated,

''

although it is more

likely that SPL will find application in the development of single prototype devices rather
than large-scale integrated circuits.
Direct-etching SPL has been used here to fabricate nanochannel electrodes by
scratching the silica-modified Ag, Au, ITO and Si surfaces reported in previous chapters
of this dissertation. These films are examined further in this chapter as "resists" for direct
mechanical fabrication of nanoscale electrodes.
A critical parameter in the development of direct mechanical etching is the
relative hardnesses of the materials involved. Hardness is important, because for etching
to occur, the probe tip material must be harder than the substrate to be patterned. In fact,
one of the earliest hardness scales, the Mohs scale of hardness,®'^'' is a purely relative
scale (non-quantitative) with materials ranked in hardness based simply on which
material scratches which other material. Mohs arbitrarily assigned 10 materials hardness
numbers (included in parentheses) as follows: talc (1), gypsum (2), calcite (3), fluorite
(4), apatite (5), feldspar (6), quartz (7), topaz (8), corundum (9), and diamond (10). This
scale is qualitatively divided into half-integers. For example, if quartz scratches the
measured material but topaz does not, the Mohs number would be 7.5. If quartz scratches
the material, and the material scratches quartz, the Mohs number would be 7.
More quantitative approaches have been developed in the materials science and
engineering fields. These techniques utilize a stylus with a particular shape and
measuring the depth or profile of the indention. One such techniques, the Vickers
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hardness

utilizes a square pyramidal diamond indenter with an apex at the tip

of 76°. A calibrated force is placed on the indenter and the diagonal dimensions of the
square indention area measured. The hardness value is then calculated according to the
equation:
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2Fsin-—
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where HV is the hardness value in N/mm , F is the force applied in N and d is the length
of the diagonal of the indentation in mm.^'^^ New instrumentation is being developed to
make these hardness measurements on the micro- and nano- scale. Although not an
exhaustive list, the hardness values of the key materials utilized in this chapter are listed
in Table 6.1

As these values apply specifically to bulk materials, they serve only as

an illustrative guide to the feasibility of these studies. SPL measurements described later
in this chapter address the observed hardness of these materials in the thin film format
that is relevant for the structures investigated here.

EXPERIMENTAL
SPL details. Although the instrumentation for SPL is described in Chapter 2, some
specific details relating to lithography are discussed here. The software for SPL is
"nanoscript", which is a command line-driven program that follows the format of C++
programming. Further discussion of this software can be found in reference 6.26. Since
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Table 6.1. Hardnesses values of the materials used in this work.
Material

Mohs

Knoop^A^ickers

Au/Ag

2.5-3

SiOi (fused)

6.5-7

710,790

Quartz

7

820

Si

7

ITO''

N/A

N/A

Diamond

10

7000

" The Knoop scale is a macroscopic version of the Vickers scale. ' The values are nearly equivalent.
''ITO hardness is highly dependent on the preparation. Observations made by SPL experiments suggest that
the ITO used here is harder than all of the materials except the diamond-coated AFM tips.
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silica is a relatively hard material, high spring-constant tips (> -10 N/m) must be used to
impart enough pressure to the surface for etching.
Typical AFM imaging is performed in two primary modes; contact and
intermittent contact (or tapping mode). Software maintains a feedback loop, which
controls the force that the AFM tip imparts to the surface. In contact mode, tip deflection
is monitored by a position-sensitive photodiode. The setpoint is thus a direct estimate of
the force between the tip and sample. In intermittent contact mode imaging, the AFM tip
is oscillated at its resonance frequency by a piezoelectric material. The setpoint controls
the damping of the AFM tip oscillation. This damping is affected by the tip-substrate
interaction. When the tip is far away from the surface, there is no damping of the
oscillation; as the tip-sample separation decreases, the oscillation is damped by
intermolecular forces at or near the surface. At very large damping of the tip oscillation,
the tip stays in contact with the surface and is dragged across it at high pressures
significantly etching the surface. For imaging applications, small tip-sample interactions
produce images without damaging the tip or the substrate.
There are two methods for lithography provided in this software; setpoint
adjustment and z-stepping, both of which are equivalent to that shown schematically in
Fig. 6.1. In the setpoint-stepped method, labeled method I, the damping setpoint is
reduced to a value such that the tip remains in constant contact with the surface, thereby
imparting a force high enough to scratch the surface. For a 20 N/m tip tuned to 2.0 V
rms, setpoints between ~0.1 V and -0.5 V are required. Estimation of the force that the
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Bring tip into contact with
surface under imaging
conditions.

2. Apply cutting force with
tip and create pattern.

3. Image scratched surface

4. Oxidatively polyemerize
thiophene monomers into
nanochannels and image.

Figure 6.1

wSchematic for the scanning probe lithography experiment complete with
electrochemical growth.

tip imparts to the surface during Uthography using setpoint adjustment is difficult, and
therefore, is not considered further here.
An easier method for SPL, is z-stepping which has easily adjustable forces. In
this approach (labeled method II) the surface is first mapped using the "capture plane"
function in the Digital Instruments (DI) software. This function stores x,y,z data for the
surface in computer memory. An algorithm can then be written in Nanoscript that allows
movement of the tip with respect to the captured plane to be made by simple x,y,z
movement commands. The movement in the z direction can thus be used to directly
control the force exerted on the surface if the force constant of the tip is known precisely.
Due to manufacturing inconsistencies, the AFM tip spring constants must be
calibrated prior to SPL for optimum results. There are many different calibration
methodologies for AFM tip calibration, a discussion of which is beyond the scope of this
document. For the purposes here, a simple reference-spring method is utilized.^'^^ In this
technique, a tipless, calibrated AFM lever is mounted upside down on a solid substrate
(the magnetic AFM puck). These tipless levers (ThermoMicroscopes model CLFCNOBO), schematically shown in Fig. 6.2, contain three different reference springs
ranging from 0.157 N/m to 17.4 N/m.
To accurately measure the force constant of an unknown AFM tip, the reference
spring nearest the manufacturer's estimated AFM tip force constant is chosen. Forcedistance curves are then recorded for the AFM tip in contact with a hard surface and with
the calibrated spring, as shown in Fig. 6.3. In Fig. 6.3, the AFM tip is moved in the zdirection (perpendicular to the surface), and the tip deflection is monitored as the tip
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Figure 6.2

Schematic of the force constant calibration technique, a) Calibrated, tipless cantilever; b)
tip approach to calibrated lever; c) deflection of tip and calibrated lever.

OJ

336
moves in and out of contact with the surface, or the reference spring. In regions where
the tip is far away from the surface, no tip deflection occurs; as the tip comes into contact
with the surface, the tip is deflected due to the direct mechanical force imparted. This
force is indicated by the slope of the deflection vs. tip movement plot at the left side of
the graph. When the tip is in contact with a hard surface such as stainless steel, the slope
of the tip deflection vs. tip z-position response is only due to the spring constant of the
tip; when the tip is in contact with a reference spring, the slope of tip deflection vs. tip zposition response is damped by the spring constant of the reference spring. These data
are then analyzed according to the equation:

c

_^

-'s,...cose

where ktest is the spring constant of the tip/cantilever assembly in N/m, kref is the spring
constant of the reference spring in N/m, 8tot is the slope of the deflection-distance curve at
a hard surface in V/nm, 5test is the slope of the deflection-distance curve at the reference
spring in V/nm, and 6 is the test cantilever mounting angle (15° with respect to the plane
of the AFM sample holder for the Digital Instruments NanoScope III). Fig. 6.3 shows the
calibration of an oxide-hardened Si tip (model TESPD) from DI. For this particular
surface, 8test = 0.0324 V/nm, 5tot = 0.0857 V/nm and kref = 17-4 N/m leading to a
calculated spring constant of 29.6 N/m for the AFM tip. This simple procedure can be
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Figure 6.3

Tip deflection as a function of z-movement for tip calibration. A deflection vs. tip
movement curve is measured for a calibrated spring (dashed; kj.,f =17.4 N/m) and a solid
surface (solid). The calculated spring constant of the tip is 29.6 N/m.
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repeated with any tip used for SPL without diminishing the quality of the AFM tip, by
changing the spring constant of the cantilever, or wearing the tip down.

AFM tips. AFM tips were acquired from Digital Instruments and Thermo Instruments
(Thermo). The DI tips (model TESPD) have force constants between 20 and 100 N/m,
and are Si-based, oxide-hardened for increased lifetime during imaging and etching. The
radius of curvature of these tips is -20 nm. The Thermo tips (model ULNC-DCBO) have
force constants of 2.1, 3.2, 13 and 17 N/m and are diamond-coated Si for ultimate
hardness and wearability. Fig. 6.4 shows a generalized schematic of the tips utilized for
SPL. Fig. 6.4a shows the asymmetrically-shaped DI TESP TappingMode tips. These
tips are a skewed rectangular pyramidal shape with apex angles from the side of 25° for
the front of the tip, and 10° for the rear of the tip. The front and rear of the tip show
symmetric 17° apex angles for both the left and right side of the tip. Fig. 6.4b shows the
sharper, diamond-coated ThermoMicroscopes Ultralever tip. The diamond-coated tips
have a conical shape, which is tapered towards the tip, with apex angles of 12°.

RESULTS AND DISCUSSION
Geometric effects of AFM tips in SPL. Among the many variables in SPL, the
resolution is most obviously affected by tip geometry, particularly the apex angle of the
tip. To understand these effects, consider the tip profile of a perfectly formed, infinitely
sharp-AFM tip. In a perfect SPL experiment, the tip profile is carved directly into the
substrate material, leaving a channel with the exact dimensions of the AFM tip. To
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Figure 6.4

Schematic of different AFM tips used for SPL. a) Digital Instruments
oxide hardened "TappingMode" tips, b) Thermo Instruments
"Ultralever" diamond-coated tips.
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create a 100 nm wide trench at its maximum opening, lithography would result in a
trench that is -160 imi deep for an AFM tip with a 17° apex, roughly equivalent to the
side of a DITESP tip, and -235 nm deep for a tip with a 12° apex, equivalent to the
ThermoMicroscopes Ultralever.
No AFM tip manufacturer produces an infinitely sharp tip. It is more realistic to
describe these tips as having a rounded (or spherical) tip with a -10 nm radius of
curvature. This will make the depth of each scratch -20 nm shallower for a 17° apex and
-40 nm shallower for a 12° apex. However, because the tip geometry is preserved in the
shape of the channel features, it is impossible to accurately image the channel depth
without replacing the imaging tip with a much sharper device. Therefore, to describe the
channel geometry, the maximum width is a much more accurate parameter for these
discussions.

Directional effects. To fully appreciate the geometric effects of an AFM tip on the
lithographically produced channels, an oxide-hardened Si tip from DI (Fig. 6.4a) was
used to carve channels using each of its four cardinal sides. Fig. 6.5 highlights these
geometric effects by imaging channels carved by method I. In Fig. 6.5, SPL was
performed along each of the cardinal axes of the AFM tip. The lithography algorithm
was set to scratch four lines 6 jum long, each separated by 1 |j,m, by adjusting the setpoint
from the imaging setpoint of-1.5 V to - 0.5 V, 0.4 V, 0.3 V and 0.2 V for each channel,
respectively. As a reference, 2 V indicates no oscillation damping and 0 V is 100 %
damping. Thus, decreasing the setpoint for lithography will increase the total force of the
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Figure 6.5

Tip geometry effects on SPL. DITESPD tips referenced as seen from
the surface a) front side of tip; b) back side; c) left side; d) right side; e)
tip orientation with respect to SPL and imaging for a)-d). The
lithography was preformed on 3 nm thick sol-gel modified 3MPT-Au by
method I with oscillation damping setpoints listed for each channel in
(V). The tip was tuned at 2 V.
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tip-substrate interaction. These images are oriented with respect to the tip schematic
depicted in the figure. Therefore, Fig. 6.5a shows hthography from the front of the tip
(low force to high force left to right). Fig. 6.5b shows lithography from the left side of the
tip (low force to high force bottom to top), Fig. 6.5c shows lithography from the back of
the tip (low force to high force right to left) and Fig. 6.5d shows lithography from the
right side of the tip (low force to high force top to bottom). Sectional analyses are shown
beneath each image corresponding to the dashed lines through each image. The
oscillation-damping setpoint for each of the channels are included on the images for
reference.
Fig. 6.5a shows two well-defined (clearly visible in the image) narrow channels
with large ~1.5 |j.m diameter-wide piles of material at the end of the channel. Fig. 6.5b
shows three well-defined channels, with large piles of material on the top side of each
channel. Note that the z-scale in the section analysis is twice as large as for the other
three images. Fig. 6.5c shows three well-defined channels, significantly wider than those
in Fig. 6.5a or Fig. 6.5b, with piles of material on the right and bottom sides of the
channel. Fig. 6.5d shows little sign of depressions, but large piles of material
corresponding to three scratches.
Since these images were acquired using the same tip that was used for channel
fabrication, quantitative measurement of channel dimensions is not possible. Due to the
very large piles of tailing material, no attempt is made to quantitatively define the width
of these channels. However, qualitative comparison of these images shows clear
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differences in channel shape as a result of the shape of the tip in each of the four cardinal
directions.
As these channels were created using relatively high-force SPL, another problem
of direct mechanical lithography can also easily be seen in these images. The channels
must have associated piles of material that are displaced by the AFM tip during the
lithographic process. Two features dictate the placement of the pile; the nanoscopic
shape of the tip at the apex, and the twisting of the tip at a sample that is not mounted
perfectly parallel to the tip cantilever assembly. The front of the tip (Fig. 6.5a) is shaped
such that the tailing material stays in front of the "plow" during the lithographic step;
thus, the channel is relatively narrow and shallow, and the tailing material is largely piled
at the end of the channel. The rear of the tip shows similar behavior with some of the
material piled beside the channel but most of the material at the end of the channel. The
sides of the tip are much more predictable. The tailing material is piled along the long
side of the asymmetric tip. This is not surprising given the profile of the tip shown in
Fig. 6.4a. Due to the size of the channels created with these AFM tips, only indirect
evidence for nanoscale tip differences, such as the apparent depth and width of the
channel and positioning of the tailing material, is apparent in these images.

Tip material effects. Tips made from three different materials were compared as tools
for SPL: Si, oxide-hardened Si, and diamond. In this section SPL from tips of each
composition are presented utilizing method II unless otherwise specified. In the AFM
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images in this section, tip-geometry, substrate materials issues and tip-hardness are all
convoluted.

Si. Fig. 6.6 shows the effect of SPL on the softest tips made from pure Si. Fig. 6.6a is a
scanning electron micrograph of the tip before any SPL or imaging. The lithographic
experiment for which this tip was subsequently used consisted of four 3 |j,m long lines
separated by 0.75 ^m at forces of 3, 4.5, 6, and 7.5 |u,N from left to right on sol-gel silicacoated Si(l 11). Fig. 6.6c is the AFM image of the SPL substrate taken immediately after
lithography; both the SPL and imaging steps used the same tip. Several important
featiires stand out in this image. First, the channels produced are very shallow, with little
to no contrast from the background. In fact, the size of the tailing material piles causes
the channel images to be obscured by scaling of the image. The second major effect is
that the roughness features all have the same triangular appearance. This is a tip artifact
produced by wearing of the relatively soft Si tip material. As shown by the SEM in Fig.
6.6b, the point of the AFM tip is sheared, leaving a very broad surface, and poorly
defined tip. All of the roughness features in the lithographed image contain this
triangular shape, presumed to be a convolution of the tip shape onto the image. To
improve the surface imaging, a pristine tip was placed in the cantilever and a second
image of the modified area was taken (Fig. 6.6d). This image shows that the triangular
features were indeed due to the end of the Si tip used for SPL being sheared off
Curiously, the small channels in Fig. 6.6c are even further smoothed in Fig. 6.6d. It is
unclear why this area changes during the tip change. However, a possible explanation is
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Figure 6.6

SPL using a normal Si Tapping Mode tip (TESP; k « 30 N/m) on 9 nm
thick sol-gel-modified Si(ll 1). a) Tip before lithography; b) tip after
lithography, c) resulting scratches imaged with tip used for lithography;
d) resulting scratches imaged with a new tip. Triangular artifacts marked
by arrows. Lithography performed by method II.
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that the fresh tip picked up a contaminant, effectively dulling the imaging surface. The
results of these experiments suggest that harder tips must be used to perform SPL
experiments on the relatively hard silica-silicon substrates of these experiments.

Oxide-hardened Si. To improve the hardness of the AFM tip, an oxide-hardened version
of these tips with identical geometry were purchased. Fig. 6.7 shows data from a series
of experiments performed with an oxide-hardened Si tip. Fig. 6.7a shows an SEM of a tip
with the identical geometry as those depicted in Fig. 6.6. This tip has a very sharp apex
identical to that shown in Fig. 6.6a. This tip was used by method I under high forces for
setpoint of 0.1 V to 0.5 V to scratch -50 lines of 4 fim length on a 3 nm thick silica film
on 3MPT-modified Au. The SEM image of the tip after these lithographic steps is shown
in Fig. 6.7b from the side and Fig. 6.7c from the point. These images show that the tip is
sheared away significantly at the top. Fig. 6.7b shows that the tip apex is broad, ~500 nm
across, while Fig. 6.7c shows that the shearing of the tip produces a triangular shape of
the AFM tip. Fig. 6.7d shows the AFM image of a substrate on which four lines were
carved at a setpoint of -0.5 V by method I. These channels are uniform in width at their
openings, -250 nm. The surface is dominated by triangular-shaped roughness features
which are due to shape of the damaged tip at its apex, and not real structures on the
surface. The data in Fig. 6.7 demonstrate that these tips are also inadequate for further
development.
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Figure 6.7

SPL using a oxide-hardened Si Tapping Mode tip (TESP; k = 30 N/m) on
8 nm thick sol-gel-modified 3MPT-Au. a) Tip before lithography; b) tip
after lithography (very high forces); c) top view of b; d) resulting
scratches as imaged with a new tip by method I.
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Diamond-coated SiN. The results presented in Figs. 6.6 and 6.7, indicate that a further
improvement in tip hardness is necessary for SPL with subsequent imaging using the
same tip. Several manufacturers now produce diamond-coated tips, which should
possess greater hardness, allowing nearly infinitely reproducible channels to be fabricated
along with their subsequent imaging. Fig. 6.8a is an SEM of such a diamond-coated tip
(shown schematically in Fig. 6.4b). From the ~40,000x magnification, the SEM image
shows a conical tip that is ~4 |um tall with a fairly blunt tip. This resolution does not
allow for exact estimation of the tip radius; however, these tips do not appear as sharp as
the TESP tips in Figs. 6.6a or 6.7a. Although these tips have a smaller angle of the tip
apex, close examination of the point suggests that on the nanoscopic scale, these tips are
slightly more blunt than the DI tips. This is likely due to a slightly larger radius of
curvature of the absolute tip due to the chemical vapor deposition of diamond.
Fig. 6.8c shows a series of four channels scratched through a -12 imi thick silica
film on Si(l 11). These channels are 3 |u,m in length with 0.75 p,m separation, at forces of
1.70, 2.55, 3.40 and 4.25 )j,N from left to right. These channels range from ~30 nm to
-150 nm in width depending on the force applied by the tip; this aspect is further
discussed in the next section of this document. Some tailing material is piled on either
side of the channel. Additionally, there is evidence of a large pile of material at the end
of the 4.25 |aN channel (right). These channels, and their resulting images are narrower
and cleaner than those fabricated from Si-based tips.
SEM images of these tips after use as SPL tools. Fig. 6.8b show little to no
change in their general appearance. The tip in Fig. 6.8b was first used to scratch several
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Figure 6.8

SPL using a diamond-coated Ultralever tip ( k = 17 N/m) on 28 nm thick
sol-gel-modified Si(l 11). a) Tip before lithography; b) tip after
lithography; c) resulting scratches as imaged with the diamond-coated Si
lithographic tip; d) resulting scratches as imaged with a new Si tip.
Lithography performed by method II.
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surfaces at forces between 1.7 )a,N and 21.25 fxN, prior to insertion into the SEM. The
image shows a tip with the same general ~4 ^im tall conical shape with a very sharp point.
In fact, the tip in Fig. 6.8b appears to be much sharper than that of Fig. 6.8a. Curiously,
the wear that this particular tip demonstrates is not at the point, but rather the along sides.
To confirm that the Si-based tips indeed have a smaller radius of curvature than
the diamond-coated tips, the area from Fig. 6.8c was re-imaged with a pristine Si-based
tip. Fig. 6.8d shows four channels, which are deeper and narrower than those in Fig.
6.8c. Indeed, the resolution of the surface imaging is significantly improved with the Si
tip as seen by the increase in the surface roughness features in the background. It is clear
from these two images that the Si-based tips more accurately image the channels despite
the narrower aspect ratio of the diamond coated tips. However, it is unlikely that the
exact channel profile can be measured with either tip.

Hardness effects on SPL. As for the AFM tips, the material used for the SPL substrate
affects the overall quality of lithographically produced channels. Most previous SPL has
been performed on soft materials that provide little to no resistance.^^^'® '^"^'^' In contrast,
to the author's knowledge, there have been no previously published studies of SPL of
hard materials. Thus, it was essential to understand the effects of both the nature of the
underlying substrate and the sol-gel film assembly itself on the quality of SPL that could
be performed on these systems.
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Underlying substrate effects. To fully appreciate the effect of the underlying substrate,
SPL channels were carved from sol-gel silica films on 3MPT-modified Au, a relatively
soft surface, and on the native Si02 layer on Si(l 11), a much harder surface. Since the
thickness of the sol-gel silica layer made from sol 5 (~3 nm) on 3MPT-Au is comparable
to that of native SiOi layer on Si, any changes observed in the images are assumed to be
the effect of the underlying substrate and not the sol-gel silica film. Fig. 6.9 demonstrates
the effect of substrate hardness on SPL channels formed using forces of 5.95, 11.05,
16.15, and 21.25 fxN. All of the channels on both substrates in Fig. 6.9 were formed
using a diamond-coated tip and were imaged with a Si tip. These images show
significant differences in both shape and size of the channels formed using identical
conditions. For the Si substrate, the channels are approximately 23, 70, 130 and 151 nm
wide for forces of 5.95, 11.05, 16.15 and 21.25 ^iN, respectively, whereas for the Au
substrates, channels of ~70, 118, 150, and 260 nm are formed for the same four forces.
Since the channels are carved all the way through the silica films, the relative
softness of the Au substrate allows the AFM tip to scribe much deeper into the substrate
than the harder Si(l 11). This effect produces wider, deeper channels on Au with much
less control of the small-scale morphology of the channels. One aspect of the resulting
structures that derives from these deeper, wider channels is that more tailing material is
produced. An additional effect seen is that the malleability of Au causes the tailing
material to aggregate at the ends of the channels, rather than simply being deposited
along the sides of the channels.6' 22 Tip effects, as discussed previously, also have a
significant effect on tailing process.
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Comparison of SPL through sol-gel silica for 3 nm thick sol-gel silica coated Au-3MPT and 4 run thick sol-gel
silica coated Si(l 1 lySiOj (native) substrates. Channels were fabricated by method II with forces of (a) 5.95,
(b) 11.05, (c) 16.15, (d) 21.25 nN.
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Under the much lower lithographic forces of 1.70, 2.55, 3.40, and 4.25 |aN,
further differences between substrate materials can be seen. Fig. 6.10 shows a
comparison of 3MPT-Au, Si-SiO and ITO surfaces with channels produced from
diamond-coated tips and imaged with Si tips. The channels in Au are deep with widths
of 95, 97, 116 and 139 nm, increasing with increasing force. Little tailing material is
observed along the sides of the channels, but at the ends of the channels (top of image)
large piles of tailing material collect. The channels in Si are actually slightly wider than
those on Au for a given force; 102, 116, 143 and 116 nm. However, the widths estimated
for these channels are somewhat suspect because of the relatively shallow channels (<2
nm in depth as imaged by a pristine Si tip) resulting in poor contrast between the surface
and the channel. The tailing material is mostly piled on the left side of these channels
and is -2.5 nm high for the deepest channel. The channels formed on the ITO substrate
are very faint with channel depths on the same order as the roughness features of the
surface (5-10 nm tall). There are certainly channels through the sol-gel film, but the 1020 nm peak-to-valley roughness of the ITO substrate masks any detail of these channels.
Due to the shallow channel depths produced on the Si(l 11) surface, the nanoscale
shape of the channel can be directly imaged with a second, sharper tip. The channels in
this image appear to have ~3 separate minima corresponding to three separate "tips"
indicating a non-uniform SPL tool. These effects are not seen for higher pressure SPL
experiments, because these tip effects lie at positions inaccessible to AFM imaging at
bottom of the channels.

3MPT-AU

Si(lll)/SiO,

ITO

Figure 6.10 Comparison of SPL through sol-gel silica for 3 nm thick sol-gel silica coated Au-3MPT, 4 nm thick sol-gel
silica coated Si(1110/Si02 (native), and 2 nm thick sol-gel silica coated ITO substrates. Channels were
fabricated by method II with (a) 1.70, (b) 2.55, (c) 3.40, and (d) 4.25 |jN.

U)

355
Sol-gel film effects. To understand the effects of film thickness on the lithographic
process, films created from sol 3 (28 nm on Si, 11 nm on ITO) were compared with films
from sol 5 (4 nm on Si, 2 nm on ITO, see chapter 4 for details).

Si substrates. The results of SPL on sol-gel films on Si(l 11)/Si02 are shown in Fig. 6.11.
Four, 3 |a,m long channels -0.75 (a,m apart are dug at forces of 1.70, 2.55, 3.40 and 4.25
|LIN

from left to right for surfaces with 4 nm thick silica (left) and 28 nm thick silica

(right). The channels observed on the surface with the 4 nm silica film are -250 nm wide
with no apparent dependence on force. The channel best seen in this image is the one
fabricated with a force of 4.25 (iN. This channel shows a sharp depression on its left
side, with a less deep, broad region with 2-3 separate channels, indicating an AFM
cantilever with at least four separate spikes on its tip. Little control of channel
morphology can be maintained with this substrate geometry.
When a channel is formed in the 28 nm Si02 film on Si using an identical force, a
more uniform set of channels results. These channels are the narrowest produced of any
system studies with widths of 17, 23, 27 and 22 nm as compared to the lOO's of nm
produced from the surface with the 4 nm silica layer. These results suggest that the tip is
not dulled by scratching through the silica layer thus leading to channels that are not
broadened by a damaged tip. The tailing material is piled on the right side of the
channels with heights of-2, 3, 3.5 and 5 nm.

4 nm SiO, on Si(l 1 l)/SiO, (native)

28 nm SiO, on Si(l 1 l)/SiO, (native)

Figure 6.11 Comparison of SPL through sol-gel silica films on Si(111)/Si02 (native) substrates for two thicknesses.
Channels were fabricated by method II with forces of (a) 1.70, (b) 2.55, (c) 3.40, and (d) 4.25 [iN.

ITO substrates. The results for sol-gel films on ITO are shown in Fig. 6.12. Four 3 jum
long channels, -0.75 |j.m apart are dug at forces of 1.70, 2.55, 3.40 and 4.25 |u,N from left
to right for 2 nm (left) and 11 nm (right) thick Si02 films on ITO. For the 2 nm thick
Si02, only the 4.25 jiN and 3.40 )j,N channels show clearly defined depressions in the
sectional analysis of the image. Close examination of the image shows very faint lines
corresponding to the depressions formed with forces of 2.55 and 1.70 |^N. However,
since these depressions are on the order of or smaller than the size of the roughness
features, they are barely visible in the image. In contrast, channels in the 11 nm silica
film on ITO are well-defined with widths of 15, 18, 20 and 25 nm in order from lower to
higher force. The tailing material is piled on the right side of these channels with heights
of 5, 10, 10 and 18 nm for channels a-d, respectively.
Based on the results from sol-gel films on both substrates, increasing the
thickness of the softer sol-gel layer results in better-defined and more highly reproducible
channels. These results have a simple explanation: SPL experiments work well when the
material being scribed is softer and more readily machinable. Under the conditions
examined in these experiments, sol-gel silica appears to machine easily, while ITO and Si
are both too hard to scratch with AFM tips on cantilevers with force constants of ~20
N/m. Cantilevers of higher force constants have not been investigated.

Other materials effects. One additional effect of using sol-gel silica as the machined
material in these SPL experiments is that brittle surfaces can result, as shown in Fig.

11 nm SiOa on ITO

2 nm Si02 on ITO
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Figure 6.12 Comparison of SPL through sol-gel silica films on ITO substrates for two thicknesses. Channels were
fabricated by method II with forces of (a) 1.70, (b) 2.55, (c) 3.40, and (d) 4.25 |iN.
00
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6.13a. In this image, a ~10 nm thick sihca film on ITO exhibits chipping along the sides
of the channel after SPL, as seen by the inconsistent channel widths.
Similarly, sol-gel films can have inconsistent densities in a single surface. Fig.
6.13b shows an image of lines carved on a ~10 nm thick silica film on Si(l 11) in which
the depth varies along one channel. In this experiment, each line is carved at a single
force with higher force lines used for channels on the right side of the image. Clearly, no
line shown has a uniform channel depth. Since the substrate is presumably a uniform Si
crystal, the variability in channel depth must be due to varying density across the silica
film.
These results demonstrate that reproducible SPL can be performed on hard
materials such as thin silica films on a variety of substrates. The resulting channels are a
sensitive function of the materials from which the AFM tip, layered materials and the
substrates are made. Under the proper conditions, channels approaching 15 nm in width
can be fabricated. However, no estimate of the true depth of these channels can be made
due to the limitations associated with the AFM tip shape.
SPL in such materials is not limited to channels. If the AFM tip is simply pressed
into the surface, holes can be fabricated which are direct images of the AFM tip. Fig.
6.14 demonstrates a 7 x 8 matrix of holes fabricated in a 10 nm thick silica layer on
Si(lll). The large-scale image (Fig. 6.14a) shows that each ofthe 56 holes are -160 nm
wide. When these holes are examined more closely, as in Fig. 6.14b, two holes are seen
for each indentation. This is due to a double tip, where the second tip is slightly offset
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Figure 6.13 Other material effects on SPL. (a) Brittle materials chip when a dull tip
is used for lithography; 20 nm thick sol-gel silica on ITO (b)
Inconsistent density of the sol-gel film can result in inconsistent channel
depths; -20 nm thick sol-gel silica on Si/SiOj.
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Figure 6.14 Alternative approach for SPL to create holes in 10 nm silica layer on
Si/SiOi- The AFM tip was pressed into the surface at a force of -4.25
|a,N for a 7 X 8 matrix a). The region enclosed in the white box is
expanded in image b).

362

and shorter than the main apex. Despite the tip non-ideality, these images demonstrate
further geometries that can be obtained with SPL in hard materials.

Polymerization of PEDOT. Finally, the functionality of these channels, which should
be that of nanoscopically-defined bare conductive substrates which are surrounded by a
large, pinhole-free insulating film, is demonstrated through the electrochemical
deposition of polymer wires. Fig. 6.15 shows a cyclic voltammogram for the
electrochemical polymerization of 3,4-diethoxythiophene (EDOT) to poly-3,4diethoxythiophene (PEDOT) as shown in scheme 6.3.

(6.3)

In the voltammogram in Fig. 6.15a, a bare ITO surface was cycled from 0 to 1.4 V in the
electrochemical AFM (EC-AFM) cell. Onset of oxidative polymerization begins at -0.8
V and continues without producing a well-defined peak until the potential sweep is
reversed at 1.4 V. In the reverse sweep, a reduction peak is generated due to reduction of
the oxidized PEDOT to a neutral form. When this experiment is reproduced in the
presence of a porous 10 nm thick silica film on the ITO substrate, the current is reduced
by 90% indicating blocking of a large portion of the electroactive surface area. For the
silica film-modified ITO substrate, the onset of polymerization occurs at -0.7 V and
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Figure 6.15 Cyclic voltammetry for the polymerization of PEDOT at a bare ITO
surface a) and a porous 10 nm thick silica film on ITO b) in the
electrochemical AFM cell. C = 10 }.iA/cm" a) or 1 jj.A/cm' b).
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continues until the potential sweep is reversed at 1.4 V. In this case, the reduction of the
PEDOT is not seen. The next section will focus on imaging PEDOT grown in the
manner presented in this section.

Surface defects. Although chapter 4 details the behavior of these sol-gel films as perfect
insulators over cm^ surface area, many of these films are riddled with pinhole, |im and
sub-|a,m defects. The larger of these defects can easily be seen under an optical
microscope, as shown in Fig. 6.16. In this experiment, PEDOT is grown in several (>10)
oxidative cycles on a ~9 nm thick silica film on 3MPT-modified Au. Several dark
regions appear in the image that are ~10 ]u,m in diameter. These dark spots were not on
the surface prior to PEDOT growth. As a reference, the AFM tip is shown in these
images with a length of 125 )j,m. The regions of the surface in which the AFM tip has
altered the surface are enclosed in the white boxes. The area outside remains pristine,
having no prior tip-substrate interaction. The image in Fig. 6.16a shows a surface with a
high density of defect sites, especially in the lower right region of the image. The feature
marked with a white arrow indicates a -40 |j,m long line intentionally fabricated with
SPL. The image in Fig. 6.16b shows a surface with fewer defects indicating a more
uniform sol-gel film. The region marked with a white arrow indicates a spot where the
AFM tip "crashed" into the silica surface, damaging the film significantly. For the
purposes of these SPL experiments, defective surfaces of this nature are effective for
demonstrating intentional lithography and nanochannel growth of electroactive polymer
materials.
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Figure 6.16 Optical microscope images of large-scale defect structures in 5 nm thick
sol-gel silica films ITO. The region inside the white box in a) is an
intentionally-created SPL channel; the region inside the white box in b)
outlines a region where the tip crashed into the surface.
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Smaller defects of nm dimensions can be seen in AFM images of these surfaces.
By analyzing these defects, differences between sol-gel films on different substrates can
be seen. Fig. 6.17 shows the results of a series of experiments performed on a -10 nm
thick sol-gel film on 3MPT-Au. In this series of experiments, a 100 x 100 |a.m^ image
was divided into four quadrants, each quadrant being used for a discrete SPL experiment.
In Fig. 6.17a, the two quadrants on the right side of the image have been subjected to SPL
followed by surface imaging by tapping mode AFM. These regions show clearly-defined
SPL features (a line in the bottom quadrant and a box in the top), although polymer
growth is not limited to these intentionally fabricated features. These quadrants show a
significant number of irregularly-shaped polymer structures that result from polymer
growth in nanoscopic (<100 nm) defects. These defects are observed much more
frequently on regions of the surface subjected to the greatest number of AFM imaging
steps by tapping mode AFM (those quadrants on the right side of the image) than the
nearly pristine regions (imaged only twice) on the left side of the image. Once a third
quadrant (upper left in Fig. 6.17b) is used for an SPL experiment to intentionally carve an
L-shaped channel (method I, setpoint -0.2 V) with subsequent imaging four times with
tapping mode AFM, this quadrant exhibits newly developed defects, while the lower-left
quadrant remains relatively pristine. It is interesting to note, however, that upon close
inspection, some small defects can be seen in the lower-left quadrant due to the fact that
this region has been imaged several times to generate the images shown in Fig. 6.17.
These results indicate that AFM imaging of these silica surfaces, even under the
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Figure 6.17 AFM images of small-scale defect structure in 8 nm thick silica films on
3MPT-modified Au during SPL. a) early image showing defects only in
the heavily imaged areas; b) increasing defect density with continued
imaging.

368

relatively low forces used in tapping mode, can cause damage to the brittle sol-gel silica
film.
A similar experiment was undertaken on a thinner (~5 nm) sol-gel silica film on
ITO. Fig. 6.18a demonstrates the first attempt at observing tip-generated defects on ITO.
This image shows the result of four independent lithography experiments. The procedure
created five parallel lines separated by ~1 |um carved by method I at a setpoint of -0.2 V.
Each of these areas was individually imaged by tapping mode AFM several times before
and after the lithography. Between each experiment PEDOT was electrochemically
deposited into the channels. In these relatively small areas, no unintentional tipgenerated defects arising from AFM imaging of the surface are observed. Outside the
heavily imaged regions, only one large defect at the bottom left side of the image is
present. These experiments were performed in an identical manner to those presented in
Fig. 6.17. The image in Fig. 6.18b shows a four quadrant experiment with each quadrant
-14.3 lum on a side. SPL experiments were performed in three of these quadrants. In
each of the top two quadrants, five lines were carved, and in the bottom left quadrant, a
box was carved. The lithography used to create these features utilized a force at or near
that necessary to carve through the silica; thus, polymer growth is only seen in the
regions where the sol-gel film is completely punctured. No tip generated defects are
observed on these ITO-supported silica surfaces. Furthermore, unlike the 3MPTmodified Au substrates in which the AFM tip penetrates deeply into the Au surface, the
AFM tip does not penetrate the harder ITO surface under a similar force. The result of
this difference in substrate hardness is that the channels in ITO are littered with tailing
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Figure 6.18 AFM images of small-scale defect structure in 4 nm thick silica films on
ITO during SPL. a) Large-scale image with small SPL features. The
heavily imaged areas are within the white boxes; b) zoom image of a
four-quadrant experiment. There are small generated defects resulting
from repeated imaging of the silica film on ITO by tapping mode AFM.
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material inefficiently removed from the channels because of the relatively shallow
penetration of the AFM tip into the substrate.
Aside from the obvious differences in nanochannel development, the lack of
defect generation in silica films on ITO surfaces suggests that substrate characteristics
have a large effect on the durability of the silica film. Fig. 6.19 shows a model, proposed
to explain the greater susceptibility of silica films on 3MPT-modified Au to defect
formation than those on ITO. The silica film on 3MPT-modified Au essentially floats on
the relatively soft 3MPT layer. This organic layer is proposed to act as a spring that
compresses as the AFM tip contacts the surface. Due to the brittle nature of the silica,
this compression creates nanoscopic defects in the silica film opening regions of the
underlying conductive substrate. When the silica film is supported on a hard solid
substrate such as ITO, no deformation occurs at the interface during AFM imaging. Thus,
no defects are generated in the silica film structure.

Controlled electrochemical polymerization. Under imaging conditions in which
sample-substrate interaction is minimized, defect generation in these silica films can be
avoided to facilitate detailed imaging of PEDOT polymer growth in SPL-created
nanochannels. These nanochannels can be made electroactive under nearly any
condition in which the insulating silica is removed from the substrate, regardless of the
size of the channel etched.
Fig. 6.20 demonstrates several important features of these electroactive channels.
This figure shows a series of images that track the sequence of steps in a SPL experiment
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Figure 6.19 Schematic depiction of tip-generated defects in sol-gel silica film on
3MPT-modified Au during tapping mode AFM compared to the behavior
on ITO.
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Figure 6.20 SPL in a 20 nm silica film on a 3MPT-modified Au surface using high
lithographic forces (setpoint -0.2 V by method I; tip tuning at 2 V) with
electrochemical growth of PEDOT. a) Bare unmodified surface; b) -600
nm wide channel with large tailing piles; c)surface after single oxidative
growth sweep, 0-+1.4 V vs. AgQRE; d) surface after second oxidative
growth.
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in a 10 nm silica film on BMPT-modified Au. The image in Fig. 6.20a shows the
relatively featureless background of the thin silica film. Once a 500 nm width channel is
created, tailing material is observed along both sides of the channel (Fig. 6.20b). Since
the silica film is only ~10 nm in thickness, most of the tailing material is Au, which
remains in electrical contact with the bulk Au substrate, and therefor, becomes part of the
nanoscopically-defined electrode surface. When an electroactive polymer is oxidatively
polymerized in the channel (Fig. 6.20c), the polymer conforms to the conductive tailing
material in addition to filling the channel. Multiple oxidative steps increase the polymer
thickness as would be expected for conducting polymer systems.
Since the only requirement for electrochemical polymerization is a conductive
substrate, the resolution is limited by the resolution of the SPL. Fig. 6.21 demonstrates a
very narrow channel with a depth completely incorporated within the background
roughness of the silica/3MPT/Au. In Fig. 6.21a, the background substrate is shown. This
particular substrate highlights a simple background with roughness features on the order
of-10 nm in height. When channels are formed with extremely low forces, the channels
can barely be seen in the image (Fig. 6.21b). To highlight these scratches, white arrows
are used in these images to bracket the ends of these channels. It is impossible to
comment on the size of the channels irom these images, because of the relative obscurity
of these channels in these images.
In higher resolution images of these channels (Fig. 6.22), more detail is seen.
Fig. 6.22a shows the surface after a single oxidative sweep (0 to 1.4 V). A ~7 nm tall,
200 nm wide PEDOT "wire" is observed growing out of the channel. At this size scale.
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Figure 6.21 SPL in a 8 nm thick silica film on a 3MPT-modified Au surface using
very low lithographic forces(setpoint 0.5 V by method I; tip tuned at 2
V). a) Bare immodified surface; b) nanochannels (center of image) are
barely visible beyond the surface roughness. The area outlined by the
white box is shown in detail in Fig. 6.22.
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Figure 6.22 SPL in a 8 nm thick silica film on a 3MPT-modified Au surface using
low lithographic forces with electrochemical growth of PEDOT zoom of
Fig. 6.21. a) surface after single oxidative growth sweep, 0 to+1.4 V
vs. AgQRE ; b) surface after second oxidative growth sweep; c)surface
after third (above dashed line) and fourth (below dashed line) oxidative
growth sweep; d) fifth, sixth and seventh oxidative growth sweeps.
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the wire barely stands out from the resulting background features in the image, but
becomes clear in the line scan. Severe tip wear (e.g. Fig. 6.7b/c) causes the roughness
features to take on the triangular shape of the AFM tip itself. At this scale, it is unclear
whether these features are polymer growing in defect sites in the silica or whether these
are simply Au roughness features.
After a second oxidative sweep, the polymer wire increases in height to -12 nm
with little increase in width. This growth in height only is due to the fact that polymers
such as PEDOT grow in linear chains rather than simply in the normally preferred
electrical field lines typical of most electrochemically deposited materials. After further
oxidative steps, the polymer begins to branch out of the lithographically-defined channels
(Figs. 6.22c/d). Fig. 6.22c shows that the PEDOT wire increases to ~30 nm in height
after the third oxidative sweep in regions of the channel above the dashed line. At the
dashed line, a fourth oxidative sweep was initiated and regions of the channel below this
line exhibit further PEDOT growth. Above the top dashed line in Fig 6.22d, growth of
the PEDOT wire after the fifth cycle is shown. In the region between the dashed lines in
Fig. 6.22d, the PEDOT growth after the sixth cycle is shown, and in the region below the
bottom dashed line, PEDOT growth after the seventh cycle is shown. After the seventh
sweep, branching of the PEDOT is obvious, as the width of the wire approaches 1 |iim.
Since these features grow above the plane of the substrate, the convolution of tip
geometry with feature shape is more severe. Therefore, exact measurement of feature
width is not possible.

2,11

Similar success in the fabrication of conductive wires in lithographically produced
channels can be achieved on silica-modified ITO. Fig. 6.23 shows the complete sequence
of lithography and electrochemical polymerization on ITO. In Fig. 6.23a, the AFM
image of a ~10 nm silica film on ITO is shown prior to lithography. This smooth
substrate was cut under moderate force to create 8 |a.m long channels that were ~200 nm
wide. After a single oxidative sweep PEDOT grows only within the channel (Fig. 6.23c).
Little tailing material is created during lithography because of the superior hardness of
ITO. Thus, growth of the polymer only occurs on the conductive surface made accessible
within the channel. Nonetheless, the polymer growth is uneven and varies between 5 and
7 nm in thickness. These features are shown in a higher resolution image in Fig. 6.24b.
After a second oxidative sweep, the PEDOT wires increase to -12 nm in thickness.
Examination of the higher resolution image Fig. 6.24c, shows that although the wire
increases in thickness, the general shape of the wire is maintained. These images confirm
that for these films, PEDOT growth does not extend beyond the tip-defined channels after
two oxidation steps.

CONCLUSION
Several key features of SPL have been demonstrated in this chapter, including the
effects of the tip, substrate, and film materials on nanochannel fabrication. In general, a
hard tip and soft film produce the narrowest, most uniform channels. Substrate hardness
also has a profound effect on the overall stability of these films under AFM imaging and
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Figure 6.23 SPL in a 5 nm thick sol-gel silica film on an ITO surface using method I
with lithographic setpoints of 0.2, 0.3, 0.4, 0.5 and 0.6 V from left to
right (tip tuned a 2 V). a) Bare unmodified surface; b) nanochannels
-200 nm wide; c) single 0-+1.4 V vs. AgQRE, oxidative polymerization
sweep; d) second polymerization step.
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Figure 6.24 SPL in a 5 nm thick sol-gel silica film on an ITO surface using method I with a lithographic setpoint of
0.3 V. a) nanochannels -200 nm wide; b) single 0-+1.4 V vs. AgQRE, oxidative polymerization sweep;
c) second pol5nmierization step. These high resolution images are zoomed from b)-d) in Fig. 6.23.
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SPL conditions. Features as small as 30 nm were fabricated in sol-gel silica films by this
SPL technique.
When these channels are fabricated in silica films on conductive (e.g. Au) or
semiconductor (e.g. ITO) substrates the channels are electroactive and support
electrochemical polymerization of PEDOT. Upon polymerization, PEDOT initially
grows vertically out of the channel until radial diffusion causes the growing polymer line
to extend outward. Lines of PEDOT were successfully grown on a size scale of ~100 nm
in the x,y plane. To improve this approach for fabricating conductive wires imbedded in
an insulating overlayer, smoother substrates must be utilized in order to improve imaging
resolution.
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CHAPTER 7

CONCLUSION AND FUTURE DIRECTION

OVERVIEW OF PROBLEM
Sol-gel techniques have proven to provide simple, inexpensive methods for the
fabrication of materials which have nearly unlimited application. Silica films can be
fabricated to have perfectly insulating behavior similar to thermally deposited SiOx on Si
wafers, or functional dopants can be added to the silica matrix in order to impart
controllable activity to the materials. By tailoring the solution composition of the starting
materials, these sol-gel films can be fabricated over cm^ areas with thicknesses in the
range of 2 nm to 1 |xm on SAM-modified metal and semiconductor substrates.^ '
Pure silica films were shown to be perfectly insulating over a large potential
range, but needed further investigation of their dielectric response. For a complete
understanding of the physical, chemical and electronic response of these films, every
interface must be individually examined. This includes the metal-3MPT interface, the
3MPT-silica interface, and the silica-solution interface. Some of these interfaces are
directly accessible, as in the case of the metal-3MPT interface, but others become buried
in the film fabrication process, such as the 3MPT-silica interface. When the interfaces
could not be isolated, comparative experiments were designed to try to indirectly infer
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interfacial components of the experimental response. An example of this is the
comparative EIS of silica films on different substrates. Preparing sol-gel films from
identical preparations on a variety of different substrates allows the substrate-silica film
(whether the substrate be 3MPT, Au-oxide, ITO or Si-oxide) to be the only independent
modification of the assembly.
In order to extend the scope and range of the fabrication techniques presented for
insulating films, a bridged ferrocene (Fc) molecule was incorporated into the silica matrix
to demonstrate the feasibility of fabricating uniform, stable, conductive silica films. The
newly developed film fabrication methodologies show promise for future advancement
with any bridged polysilsesquioxane.
Fabrication of working components in electronic circuits requires the capability of
patterning insulating materials on the micro- and nano-scale. Before electronic devices
can be produced, generalized methodologies for microcontact printing (fiCp) for sol-gel
silica films and scanning probe lithography (SPL) through sol-gel films were developed.
By developing the methodologies for |j.Cp and SPL, the patterning of a variety of
interesting device architectures can be fabricated and utilized for existing and new
devices.

SUMMARY OF RESEARCH
A common theme in the research presented in this Dissertation is the reliance on
nanoscale structures and their dependence on the properties of both the bulk materials
and the interfaces between these materials. For films <10 nm, up to 20% of the film
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resides at an interface; thus, the behavior of each component and the interfaces between
each of the constituent components is determined by the interface.
The interfacial characteristics and stability of 3-(mercaptopropyl)trimethoxysilane
(3MPT) were examined by Tl, Pb and Cd underpotential deposition (UPD) voltammetry.
UPD clearly shows that 3MPT films have a very high degree of stability due to the
formation of a siloxane network at the co-terminus of the monolayer. After >20 UPD
cycles, the 3MPT surface covers -90% of the Ag surface as compared to a butanethiol
monolayer which is completely stripped from the surface. Additionally, these
experiments show that there is a thermodynamic difference between the stability of the
Ag-Tl-3MPT interface and the Ag-Pb-3MPT interface of 80 mV favoring the Tl.
Emersion Raman spectroscopy suggests that upon Tl deposition the 3MPT reorients at
the metal interface causing the C-S bond to shift more perpendicularly to the plane of the
surface.
Ultrathin silica films were fabricated on these 3]V[PT-modified metal surfaces to
produce perfectly insulating films. To the author's knowledge, these films have
unprecedented uniformity for sol-gel films of nanometer thicknesses. Solution-based
capacitance of these films shows <100 pF/cm capacitance values, ~5 orders of
magnitude lower than theoretically predicted based on the behavior of dielectric
materials. Electronic modeling of these capacitance results suggests that an interfacial
capacitance is responsible for the overall response of the film. EIS results were obtained
for insulating films on a number of substrates which suggest that an internal interface is
not responsible for the overall film response. This led to the conclusion that the solvated
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(hydrated) layer of silica at the co-terminus (the outer edge of the assembly) contains ~10^
individual capacitances of aF levels which are functionally isolated from each other, all in
electronic series with the bulk film. This is the first report of an interface completely
controlling the capacitive behavior of a thin film. Complementary solid-state
measurements help confirm this behavior. Al-Si02-IT0 capacitors were fabricated which
demonstrates that the silica film dielectric constant, s = 3.5, is very close to thermally
grown silica on silicon (the current standard for MOSFETs).
Silica films were doped with l,r-bis(triethoxysilyl)ferrocene (FcTEOS) to impart
electrochemical and electrocatalytic properties to the films. These films were developed
from the basic principles first utilized for the purely-silica based films. Solutions based
on a 1000:1 [H20]:[Si] recipe were doped with small amounts of FcTEOS at
[TMOS]:[Fc] ratios of 3;1, 7:1, 13:1 and 25:1. Because of the cyclopentadieneyl (Cp)
ring 7i-electron structure, the Fc-moiety tends to self-aggregate in solution. Additional
complications were observed due to the poor solubility of FcTEOS in the ethanol/water
solution. When the solvent was switched to a tetrahydrofuran/water solution, the
solubility problems were mitigated, but AFM images suggest some extended aggregation
of sol-material which is not present in pure TMOS sols.
XPS data were successfully used to quantitate the [Si]:[Fc] composition of the
film structure. These films show higher than expected Fc concentrations based on the
[Si]:[Fc] solution ratios, partially attributable to surface segregation of the Fc-moiety.
Angle-resolved experiments confirm this surface segregation as the Fc;Si ratio increases
at steeper angles with respect to the surface normal.

385

Electrochemical experiments show that only the Fc that resides at the filmsolution interface is responsible for the electrochemical signal seen during the redox
process for the films, as there is no dependence on the magnitude of charge passed for
films ranging from ~1 to ~70 nm thick. These redox currents are highly dependent on the
dielectric constant of the solvent with water ceasing the reversible redox behavior seen
for acetonitrile. Finally, these films have been shown to support electrocatalytic reactions
for the oxidation of ferrocyanide in aqueous solutions.
These results have significant impact for electrocatalytic applications. Unlike
polymer-based electrocatalytic films, the sol-gel matrix stabilizes the redox species such
that there is no degradation of electrochemical signal. Additionally, the amount of
material used for processing these materials is unprecedentedly small.
Scanning probe lithography has been demonstrated to fabricate reproducible
features through these sol-gel films. Extensive characterization has shown that the
underlying substrate (Au, ITO, or Si), and the superstrate have profound effects on the
quality of channels generated by SPL. In these studies, the uniformity, shape and depth
of channels was a function of the hardness of all of the materials used including the AFM
tip, as well as the patterned surface.
When a nearly perfect insulating film is used, the SPL channels can be used as
nanoelectrodes that can support the redox process; thus, electrochemical polymerization
of conductive polymer materials can be confined within these channels. Poly-3,4diethoxythiophene was used as the probe polymer for these experiments. These SPL
measurements showed an additional dependence of the physical stability of these films on
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the structure of the substrate. Under moderate tapping conditions, the AFM tip created
defects in siUca deposited on 3MPT-modified Au, while no defects were generated on the
harder, more stable ITO substrate.
Globally, this work represents a major advance for state-of-the-art fabrication of
insulating oxide and "conductive-insulator" oxide films. First, a general procedure for
ultrathin film fabrication has been demonstrated in a completely solution-based, roomtemperature manner. Typically such films require semiconductor processing facilities
with ultrapure handling techniques. The methodologies outlined in this dissertation
represent a solid foundation for the continued development of ultrathin materials
processing in the Pemberton laboratory.
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FUTURE DIRECTIONS
Insulating silica films:
1. Reproducibility for fabricating perfectly insulating silica films is, under the
best table-top laboratory conditions, only -30% successful. These films have
only consistently been shown to be insulating on 3MPT-modified Ag, with
only limited reproducibility on 3MPT-modified Au, Au-oxide, ITO and SiSiOx. To accomplish this, chemical purities should be improved to at least
99.99% pure. Additionally, special care must be taken to exclude dust which
is a major source of contamination.
2. Solid-state measurements have shown that these insulating films can be
fabricated to produce dielectric constants approaching that of quartz.
However, this was a single successful series of experiments. Five other
attempts have been made on Ag-3MPT, Au-3MPT, and Si/SiOx without
success. Following the success of (1) these solid-state measurements must be
repeated to improve the statistical analyses of the dielectric behavior of these
films.
3. As the channel length in FETs decreases, the gate dielectric must either
decrease in thickness or the dielectric constant must be increased. Mixed
oxide films such as Si02-Ti02 films must be developed to increase the range
of dielectric constants available in these thin films.
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"Conducting-insulators"
1. Doped ultrathin Fc-modified silica have shown tremendous promise as
electrocatalytic materials. Several features of these films must be further
examined to completely understand the electrochemical behavior of these
films. Of particular importance for these films are systematic studies of the
electrochemical response as a function of ionic strength, counter ion and
solvent dielectric constant.
2. Success for FcTEOS doping shows that these films should be amenable to a
wide variety of dopants. Important dopants for future consideration include:
functionalized buckyballs, and 3MPT-protected Au-nanoclusters.
Lithography/Patterning
1. Microcontact printing was shown to have promise for further development,
but further methodological development must be undertaken to fabricate
reproducible features with x,y dimensions <1 |a,m.
2. Patterning experiments must transition from the fundamental lines and holes
shown in chapter 6 to functional features including, but not limited to, the
FET.
These suggested experiments are by no means exhaustive, but guide important
unresolved issues and the near-term future development of sol-gel thin film projects in
the Pemberton laboratory.
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APPENDIX A

PATTERNING SILICA FILMS:
MICROCONTACT PRINTING OF SOL-GEL SILICA

INTRODUCTION
Soft lithography techniques are increasingly popular for the fabrication of microand nano-scale heteromaterial features on planar substrates.'^'^'^'^ One of the most easily
implemented of these "soft" techniques is |j.CP which is often used patterning of RSi(Cl)3 molecules on oxide surfaces^'^"'^'^ or R-SH molecules on metal surfaces.^'^"'^'^''
)aCP has been established as a mature technique for fabricating structures on small scales.
Additional developments have shown that microscale chemical reactivity can be
patterned by the rational choice of functionalized self-assembled monolayers
(SAMs),^'''"^'^'^ the use of SAMs as chemical resists toward further flinctionalization,'^ '''
A.6,A.I3,A I4

QJ

. gjjjjpiy utilizing weakly interacting SAMs to encourage peel-off of

deposited materials.'^'^''^ " Moreover, the feature size in (iCP can be diminished to the
nm scale by creative stamping techniques.^ ""'^''^
Of particular interest for chemical development of functional devices are the
countless heterojunctions that can be fabricated using a serial constructive fabrication
technique. Creative micro- and nano-scale chemistries have been developed to create
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SAM-polymer interfaces,^'SAM-lipid bilayer interfaces,and inorganicinorganic interfaces.^ '' Several aspects of these techniques developed for the fabrication
of organic-inorganic heterojunctions'^^' have been blended in the work reported here to
create microscopically defined organic-inorganic heterojunctions that can form a basis for
the development of truly hybrid electronic devices. On a more fundamental level the
]u,CP structures that result from the experiments described here might allow the wetting
behavior of water chemically heterogeneous surfaces to be examined due to the beading
of fluids in confined spaces.
In the last decade the wetting behavior of liquids has been examined closely at
heterogeneous surfaces, where the wetting energy of a liquid on a solid substrate is
spatially confined to microscale patterns fabricated by p.Cp of alkanethiol molecules with
different terminal functionalities (i.e. COOH versus

vapor deposited octadecyl-

trichlorosilane patterned by UV oxidation of the Si-0 bond and through a shadow
mask,'^'^^ or chemical vapor deposition of MgF2 deposited through a shadow mask.'^'^^"
Regardless of the preparation procedure, these approaches produce micrometer sized
regions of high and low water contact angles. Theoretically, these treatments are most
easily understood by the treatment of Lenz and Lipowsky which in the simplest terms
(assuming a circular hydrophyllic region surrounded by a hydrophobic background)
suggests that when a small amount of water is placed on a substrate of mixed wettability
only the hydrophllic region will be wetted by a spherical cap with the contact angle equal
to that of a uniform substrate. As the volume increases the droplet spreads to the
wettability domain border where the surface tension is much larger. At this point the
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contact angle increases uniformly with increased volume until the limiting value of the
contact angle is reached. Beyond this point the droplet will spread over the hydrophobic
region.^'^^""^'^^ On striped surfaces, such as those described in this chapter, instabilities
can exist in the wetting behavior which cause a "bulge state" when the volume of water is
sufficiently high.'^'^^'^'^'*
In the most simple cases, patters were generated by using the selective wetting ,
by utilizing UV curable polymers."^'^^'^'^^ These studies show that material can be
selectively added to hydrophyllic regions and fixed in position with UV light. Uniform
cross-sections were observed indicating that the volume did not exceed the instability
threshold suggested by Lenz and co-workers for these studies.

EXPERIMENTAL
Stamp preparation. faCp stamps are prepared by molding polydimethylsiloxane
(PDMS) over a master that has structures of the appropriate size, and shape desired in the
final surface. The master is the negative (height features reversed) of the stamp used for
printing. Si-based masters of photolithographically-produced SiOx on Si(l 11) surfaces
were used here. The master was kindly provided by Prof Neal Armstrong at the
University of Arizona. The pattern used for these experiments consisted of 10 fj.m wide
channels with 15 jum raised features; thus, this stamp will print 15 fj.m wide line of the
inked material.
To prepare a PDMS stamp, the master was first rinsed with ethanol, and placed
into a glass container. A PDMS precursor was prepared from Dow-Coming Sylgard 184
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with 10:1 w/w base to curing agent and mixed well. This mixture was poured over the
master at room temperature and allowed to stand for one hour or until all of the air
bubbles were dispersed from the mixture. The PDMS was then placed into a 120 °C
oven overnight. When the PDMS cools, the mold is cut from the glass container and
carefully peeled away from the mask. The stamp is then fixed to an A1 SEM stub with
silicone sealant.

Microcontact printing technique. Fig. A.l depicts a schematic of the preparation
procedure for these surfaces. In this methodology, a [j,Cp stamp is inked with a solution
of ~1 mM ethanolic hexadecanethiol (HDT). The stamp is dropped onto a cleaned Au
substrate and held for ~1 min. The PDMS stamp is removed, the surface is rinsed with
copious amounts of ethanol and immersed into a ~20 mM ethanolic 3MPT solution for 2
h (see chapters 2 and 3 for details). After 2 h, the surface is removed from the 3MPT
solution and rinsed with copious amounts of ethanol, and then water, and immersed into
0.1 M HCl for 1-12 h to hydrolyze and condense the 3MPT monolayer. The surface is
then removed from the 0.1 M HCl solution and a dilute sol-gel precursor is spin-coated
onto the surface (see chapters 2 and 4 for details). Because of the reactivity of the
trimethoxysilyl moiety of 3MPT, and the short length of the alkane tether, 3MPT cannot
be effectively printed directly onto metal substrates. The monolayer will simply not pack
densely enough to support the solution deposition of the dilute sol-gel precursor. To
overcome this obstacle, HDT is used as a chemical mask. Because HDT has been shown
to pack well under |liCP conditions,'^ '*'^'^''^''° it can physically prevent 3MPT from
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1. Bring inked PDMS stamp
into contact with surface to
print patterned HDT
Au

2. Patterned HDT exists on
the surface as a physical
mask. The pattern is a
negative image of the
PDMS stamp.

3MPT
3. Bare Au regions are
modified with 3MPT

SiO
Spin-coat sol-gel silica.
The silica only sticks to
the 3MPT regions leaving
the HDT bare.
Figure A.1

Schematic for the microcontact printing experiment.
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depositing on the HDT covered regions. Since the sol-gel deposition is limited to regions
of the surface where there is chemical compatibility and reactivity, the silica component
of the structure is limited to the 3MPT covered regions, and spun-off of the HDT covered
regions. These surfaces are then examined by AFM.

RESULTS AND DISCUSSION
Microcontact printing has not yet proven to be an effective method for fabricating
patterned layers of sol-gel silica on metal substrates. Figs. A.2 and A.3 show the only
two successful modifications of Au with sol-gel silica produced in this laboratory to date.
In Fig. A.2, HDT was printed onto a Au surface and 3MPT was subsequently deposited
in the bare Au regions. A sol solution of 100:1 [H20]:[Si] (planar thickness on 3MPTmodifxed Au of 37 ± 2 nm) was then spin-coated directly onto the 3MPT/HDT surface.
Fig. A.2a clearly shows a 100 |u,m x 100 jam region of the surface where sol-gel lines
were uniformly deposited in the 3MPT region of the surface. These silica lines show a
domed structure -100 nm tall, emphasized in the line scan beneath the image. These
lines are nearly twice as tall as the sol-gel preparation suggests that they should be. This
suggests that the frictional elements of the spin-coating process are affected by dewetting
of the aqueous sol-gel in the HDT regions. The fine structure of the silica lines seen
more clearly in the higher resolution image of Fig. A.2b demonstrates that the resolution
of these printing techniques is not limited to 10-20 |u,m wide lines. At the top edge of the
image, the lines narrow due to defects in either the stamp used or the master, such that
HDT is printed over a wider span for a region ~10 |j.m long region on the outside edge of
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Microcontact printed surface from a sol-gel of 100:1 [HjO]:[Si]. (a) large scale image, (b)
2x zoom in region of image (a) shown in white box. Dashed lines are the location of the
line scans.
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Figure A.3

Microcontact printed surface from a sol-gel of 500:1 [H^O]:[Si].
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each line. This feature is directly transferred to the silica layer by the location of 3MPT
underneath.
Fig. A.3 shows an identical experiment for a more dilute sol-gel preparation based
on a 500:1 [H20]:[Si] ratio, which has a planar thickness on 3MPT-modified Au of 7.8 ±
0.3 nm. In the image in Fig. A.3, six faint raised lines can be seen across the entire
image. In these lines, circular aggregates of ~10 |^m (x,y) and ~5 nm (z) tall can be seen.
A line scan down the length of one of these lines confirms that these sol-gel features are
~5 nm tall with a spacing of ~10 |u,m between particles. The line scan across the lines of
the image shows much less detail. In this line scan, two large particles are seen on the
left side of the trace, but the height of the raised lines is not significantly greater than the
underlying surface roughness. These lines do not provide enough contrast between the
HDT and the silica layer to determine whether the silica deposits over the entire 3MPT
region or if the silica simply exists in the aggregates clearly seen in the image.
When observed in terms of selective wetting/dewetting at a microscale
heterogeneous surface, the data in Fig. A.2 are clear and understandable. The relatively
thick sol-gel films have no affinity for the hydrophobic region and thus, dewet the areas
as soon as the excess sol solution is spun-off or evaporated. When the volume becomes
sufficiently low, the sol-gel condenses creating solid silica structures confined within the
hydrophilic surface region. The semi-cylindrical shape suggests that the sol begins to gel
at a point where the contact angle is still dominated by the hydrophobic/hydrophilic
interface rather than that of the hydrophilic region alone.
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The behavior of the more dilute precursor sol is more difficult to apprehend (Fig.
A.3). The wetting of the sol-gel still appears locked into the hydrophilic region of the
surface, but the silica is beaded in several regions along each stripe. The difference
between these two figures suggests that in the wetting behavior of the dilute sol is still in
a dynamic state during the spin-coating process. This suggests that as the layer is thinned
and the silicate material begins to condense at discrete nucleation sites within the
hydrophilic domain, the wettability of the nucleated sites is better for the sol than the
3MPT surface. Thus, more material aggregates in these regions, leading to the
appearance of aggregates at the surface. It is unclear from these data whether a thin,
uniform layer of silica exists over the entire hydrophilic channel, or if only the raised
regions are composed of silica.
The images presented in Figs. A.2 and A.3 suggest that jnCp could be developed
into a viable technique for patterning sol-gel layers on metal surfaces. These techniques
for p,Cp must be thoroughly investigated to produce better substrates for sol-gel spincoating than currently have been demonstrated. Further experiments must be performed
to develop an effective methodology for the pretreatment of the Au substrate for spincoating.

CONCLUSION
Microcontact printing provides a simple, three step approach to the fabrication of
patterned insulating silica films on metal substrates. This approach involves first printing
a hexadecane thiol mask onto the metal substrate creating patterned regions of exposed
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metal where 3MPT can be back-filled by spontaneous adsorption. These patterned 3MPT
regions create a silane-like network onto which sol-gel based silica can be coated. This
approach is effective for thicker sol-gel films (-100 nm) but poor for thin films ~5 nm.
Additionally, a resolution of only ~10 jum was achieved for the smallest dimension in the
x,y plane. Further improvement in these methodologies must be achieved before useful
electronic circuits can be developed.
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