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Abstract

The objective of the research described in this thesis is structural
characterization of molecular electronic devices and investigation of their
compatibility with widely use conventional microelectronics. Back-side
spectroscopy was performed to probe organic molecular later integrity at buried
interfaces, during and after fabrication. Modifications of optically transparent
substrates with organic molecules were achieved using ultrathin Ti as a primer,
which then spontaneously reduced aromatic diazonium ions in solution to form
free radicals. The free radicals then bond covalently to the substrate. Then, a
second conducting contact was deposited by direct physical vapor deposition onto
the molecular layer. The molecular layer integrity was probed by “back-side”
Raman and infrared spectroscopy. The results demonstrated that metal deposition
had minimal influence on molecular layer structure.

The compatibility of carbon based molecular junctions with various
microfabrication processes such as elevated temperatures, photolithographic
processing and metal deposition was investigated. Flat carbon surfaces were
modified electrochemically by reduction of aromatic diazonium ions. The
aromatic molecules bond covalently to the electrode though strong C-C bonds.
Then the top metal contact was deposited to form a complete junction. Molecular
layer integrity after deposition of various metals was inspected by “back-side”
spectroscopy. Both Ti and Pt metals caused significant damage to the molecular
layer, while Au and Cu had no observable effect on the molecular layer. The

modified samples were thermally stable up to 400 °C and the complete junctions



were stable up to 250 °C under vacuum. Carbon based molecular junctions were
compatible with a photolithographic process and different solvents used during
the process.

The charge transport mechanism through silicon based molecular
junctions was investigated by replacing carbon of previous investigations by a Si
electrode. Heavily doped n- and p-Si (111) substrates were modified
electrochemically with aromatic molecular layers and Cu contact was deposited,
resulting in reproducible junctions with high vyield. The junctions were
characterized spectroscopically and electrically. Junctions made with n-Si
exhibited significantly higher conductivity than those made with either p-Si or
carbon substrates. This difference in conductivity was attributed to difference in
the barrier height for tunneling as estimated from ultraviolet photoemission

spectroscopy measurements.
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Chapter 1

Introduction

1.1 Molecular Electronics

Miniaturization of solid state electronic devices commenced by
introducing silicon based integrated circuit technology in 1958[1]. Since then,
solid state electronic devices are becoming more and more dense due to advances
of science and technology, especially advances in microfabrication technology.
One of the early motivations for the development of molecular electronics was
continuation of miniaturization of electronic devices down to the molecular and
atomic scale.

The concept of employing a “single” organic molecule’s intrinsic
properties to actively control the charge transfer within electronic devices was
first proposed by Aviram and Ratner in 1974[2]. By controlling charge transport,
organic molecules can, in principle, perform functions such as rectification,
molecular switching, negative differential resistance, and charge storage in
electronic devices[3]. In addition to the production of densely packed electronic
devices, molecular electronics offers potential benefits such as faster operational
speed and lower power consumption and production cost. Furthermore, the
diversity of organic molecules is another advantage; there are millions of organic
molecules with various structures and electronic behaviors. This diversity in
structure can lead to novel electronic behavior in comparison to traditional Si

electronics. In addition to controlling charge transport, organic molecules may



function as sensors or even bio-sensors by incorporation of biomolecules (such as
proteins) into molecular junctions to operate as both conductors and bio-
sensors[4].

To achieve practical molecular electronics there are significant
fundamental, experimental and fabrication challenges[5]. For instance, it is
essential to study how the intrinsic properties of organic molecules can control
and affect the charge transport between two conducting electrodes. Such studies
are the initial steps towards designing and synthesizing organic molecules which
when incorporated into a device produce desirable electrical characteristics [5].

Moreover, the fabrication challenge of integrating soft organic molecules
into the relatively harsh fabrication processes used in modern microelectronic
manufacturing is critical for the emergence of molecular electronics in practical
form. Failure to integrate laboratory paradigms with current microfabrication
process will confine molecular electronics to laboratory research. Such integration
will require molecular devices with good thermal stability, compatibility with
materials used in semiconductor processing, plus high device yield and
reproducibility.

In addition, it is often desirable to perform spectroscopic characterization
of organic molecules buried within complete molecular electronic devices. This
characterization is important to determine if any chemical and/or physical damage
of the organic molecules occurred during device fabrication. Furthermore,

spectroscopic measurements provide fundamental understanding of charge



transport through molecular electronics, in some cases while the devices are
operating.

Molecular electronic junctions consist of a layer of organic molecules of
interest attached to contacting electrodes as shown in Figure 1.1. The interface
between the molecule and the contact has an important role on controlling the
degree of charge conduction through a molecular junction. Various experimental
platforms have been used to examine the electrical properties of organic
molecules in molecular electronic junctions, and are often classified according to
the number of molecules under investigation into ‘“single molecule” or

“ensemble” devices.

first electrode

contact/molecule
interface

Figure 1.1. Scheme for elements of molecular electronic junction, the two
conductive electrodes and the molecule(s) confined between the electrodes.
There is a significant variability of molecular conductivity among various
experimental platforms, even for the commonly studied case of an alkane mono-
or dithiol bonded to a gold surface. There is about an eight order of magnitude

range in the observed conduction among various experimental platforms. This



difference in conduction reflects the complexity and importance of the
contact/molecule interface and how the nature of the interface has a large effect
on the electrical behavior of the molecular junction[6]. In addition, yield and
reproducibility are major challenges facing molecular electronics, resulting in
serious uncertainty when comparing devices from different laboratories.

The next sections describe the fabrication of molecular electronic
junctions, starting with techniques of attaching molecules to the electrode surface.
Then, various experimental platforms developed to study molecular junctions will
be introduced and challenges and issues with the top contact fabrication will be
highlighted. Finally, the electrical and spectroscopic measurements of molecular
junctions will be described. It should be noted that this discussion is not
comprehensive and for each section there are reviews that have been published in

more detail [6-13].



1.2 Contacting the Molecules to Electrode Surface

Many modification techniques of inorganic substrate surfaces with organic
molecules have been developed during the last four decades. Surface modification
provides a method to control the substrate’s chemical or physical characteristics.
Modifications of both conductive and non-conductive substrates have been
subjected to extensive studies for applications in various fields, such as solar
energy conversion[14-16], catalysis[17], biosensing[18-21] and molecular
electronics[7, 13, 22]. Depending on the nature of the interaction between the
substrate and the organic molecule, the substrate surface can be modified through
either physisorption or chemisorption of the organic molecule.

The first step in fabrication of a complete molecular electronic junction is
bonding the organic molecular layer to a conductive electrode surface. In the next
section, some of the common methods of surface modification used in molecular

electronics will be briefly discussed.

1.2.1 Langmuir-Blodgett (LB) films

When amphiphilic molecules are dissolved in aqueous solution, the
molecules will orient to form a Langmuir monolayer at the water/air interface,
where the hydrophilic portion (head) will be immersed in the aqueous layer and
the hydrophobic portion (tail) will be suspended in water/air interface. The
Langmuir monolayer can be transferred mechanically to a planar solid surface
while conserving its orientation and order, thus forming a Langmuir-Blodgett

(LB) film on the surface as shown in Figure 1.2. LB films have the advantage of



being ordered and various molecules can be used (as long as they have the ability
to order on the surface as a Langmuir monolayer). Molecular multilayers may be
constructed through repetition of the mechanical transfer process. Although the
technique is very simple, LB films require planar substrates and are sensitive to
environmental contamination. Another major disadvantage is that the LB film is
physisorbed onto the substrate surface through weak electrostatic interactions. As
a result of this weak bond, an indirect deposition technique was developed to
prevent damaging of the LB during Au top contact deposition onto the LB
molecular layer[23] as discussed below. In addition, the fact that the molecules
are physisorbed on the surface makes the LB process less suitable for the

fabrication of robust and stable molecular electronic devices.

1.2.2 Self-assembled monolayers (SAMs)

The term self-assembled monolayer (SAM) is used to describe the
spontaneous process of adsorption and organization/orientation of organic
molecules onto a substrate surface to form a two-dimensional monolayer[24]. The
organic molecule possesses a surface-active head group that interacts with and
assembles on the substrate surface as shown in Figure 1.3. The phenomenon of
self-assembly is not limited to an organic molecule/solid interface, and can occur
also in solution between organic molecules to create supramolecular self-
assembled architectures[25]. Many organic molecules have been studied as
examples of SAMs, such as long chain fatty acids (alkanoic acids) adsorption
onto aluminum oxide[26, 27] and silver[28], and organosilane derivatives

chemisorbed on various hydroxylated surfaces such as SiO,[29, 30], quartz[31],



glass[29], aluminum oxide[32], indium tin oxide (ITO)[14, 33], zinc selenide[29,
32] and Pt oxide[34, 35]. Organosilanes can also form SAMs on elastic substrates
such as polydimethylsiloxane (PDMS) after surface activation to manipulate
surface properties[36]. Surface modification by organosilane is very sensitive to
environmental conditions such as moisture content and temperature[24].

The assembly of organosulfur (thiolate) molecules onto metal surfaces has
been widely studied since the first paper reported adsorption and assembly of a
disulfide on a gold substrate[37]. Adsorption of thiolates to form SAMs has been
studied on various metals, including Au, Ag, Cu Pt and Hg. The thiol molecules
adsorb on the metal surface within a few seconds and then undergo a process of
organization and orientation to produce a densely packed two-dimensional
organic monolayer. The binding energy of Au-S bond is about ~50 kcal/mol[38],
so the thiolate molecules are mobile on the Au surface and can pack to a
minimum-energy configuration. Self-assembled monolayers have significant
advantages as surface modification techniques, such as preparation simplicity, no
need for special equipment or a planar surface[38]. Many platforms for studying
the charge transfer in molecular electronic junctions are based on SAMs of thiols
on Au as discussed below[39-41]. One major problem with the use of SAMs in
practical molecular electronic devices is thermal stability. The electronic behavior
of SAM-based molecular junctions changes irreversibly for temperatures above

50 °C, thus limiting their practical operating temperature range [42].
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Figure 1.2. A scheme for the Langmuir monolayer formation at a liquid/air
interface (top figure) and transfer of the monolayer from the solution to the
substrate to form a Langmuir-Blodgett (LB) monolayer film (bottom figure).
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Figure 1.3. Formation of self-assembled monolayer (SAM) on a substrate
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reference [24]. Copyright 1996 American Chemical Society)



1.2.3 Electrochemical Modification

Electrochemical modification of a conducting surface occurs via electron
transfer between the substrate and organic molecules in the solution, which leads
to covalent attachment of the molecules to the substrate surface. Surface
modifications by electrochemical method have been performed through oxidation
or reduction of selected organic molecules, and are not limited to a single
functional group, thus enabling bonding of a large number of interesting
molecules to the surface. Grafting various molecules through oxidation has been
reported via oxidation of aliphatic amines[43-46], oxidation of carboxylate to
modify carbon surfaces[47, 48], oxidation of alcohols[49, 50] and Grignard
reagents[51, 52]. Electrochemical reduction of molecules has been applied also,
such as electrochemical reduction of vinyl groups[53, 54] or aromatic diazonium
ions[55-61]. More about aromatic diazonium salt chemistry will be introduced in
the next section, as it is the main surface modification technique utilized in the

next three chapters.

1.2.3.1 Aromatic Diazonium Salt Chemistry
Electrochemical surface modification by reduction of aromatic diazonium
salts was first reported on carbon surfaces by Pinson and co-workers [57, 58] in
1992. This modification technique has since been used to modify various
substrates such as Si[55, 62-66], GaAs[67], Cu[68], Au[69], Al[68], Fe [70-72]
and Ni[71]. Diazonium chemistry can also modify various oxides such as
ITO[73], SNnO,[71] and TiO,[74]. The reduction process of diazonium salt can

occur spontaneously when the substrate surface has enough reducing power[67,



75, 76] providing a facile and simple method for modification with no need for
electrochemical instruments.

The electrochemical reduction of aromatic diazonium ions on carbon
electrodes results in covalent modification of the carbon surface through a strong
C-C bond (~80-100 kcal/mol)[7]. The mechanism of surface modification starts
by electron transfer from the substrate to reduce the aromatic diazonium ion,
followed by production of N, and aromatic free radicals. The free radicals attack
the surface and form a covalent bond[77] as shown in Figure 1.4a. Another
mechanism was proposed[55] for electrochemical surface modification of H-
terminated Si with diazonium ion to form strong Si-C bond (~ 4 eV or ~ 80-100
kcal/mol)[13]. A scheme summarizing the modification steps is shown in Figure
1.4b.

Electrons tunneling through an initial aromatic molecular monolayer can
sustain the electrochemical reduction of diazonium salts, thus generating more
free radicals that attack the first molecular layer and lead to formation of a
molecular multilayer[76, 78-80]. The organic molecular multilayer thickness can

be controlled by adjusting the electrochemical reduction parameters[79].

1.2.4 Additional Methods for Si Surface Modification

Several methods have been applied to modify the H-terminated Si surface
by organic molecular layers[81, 82]. For example, thermal activation has been
used to initiate the modification of H-terminated Si by decomposition of diacyl
peroxides, which results in free radical formation and covalent modification of the

Si surface through formation of a Si-C bond[83, 84]. Alkenes and alkynes have

10



been grafted onto the H-terminated Si surface through thermal activation, the
reaction resulted in formation of Si-C bond[85]. Furthermore, thermal activation
of alcohols and aldehydes was used to directly bond them to a Si surface through
formation of Si-O-C bond[86]. Photoactivation has been employed to initiate the
reaction between aldehyde molecules and H-terminated Si surface. The reaction

resulted in attachment of the aldehyde molecule to Si through a Si-O-C bond[87].
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Figure 1.4a. General scheme for substrate surface modification by electro-
chemical reduction of aromatic diazonium ion (Ar-N=N"), which produces an
aromatic free radical that bonds to the surface.
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Figure 1.4b. Scheme for surface modification of H-terminated Si by
electrochemical reduction of aromatic diazonium ions (Ar-N=N"). a) reduction of
diazonium ion. b) Formation of aromatic free radical and N,. ¢) Abstraction of H

from Si surface by the free radical and formation of dangling bond on Si surface.
d) Reaction between aromatic and Si free radical and formation of Si-C bond.



1.3 Platforms to Study Molecular Layer Electrical Properties

Investigating the molecular layer electrical characteristics was pursued
through several experimental platforms. These platforms can be divided broadly
into two categories according to the number of molecules under investigation:
platforms that measure a “single” or few molecules and platforms that measure

ensembles of millions molecules oriented between two conducting “contacts”.

1.3.1 “Single” Molecular Electronic Junctions

Scanning probe techniques[6, 10] such as scanning tunneling microscopy
(STM) and conductive probe atomic force microscopy (CP-AFM)[88] and
molecular break junctions (either mechanically controlled or electromigration
break junctions) have enabled the measurement and study of the electrical
properties of single molecules or collections of a few (<100) molecules. The
electrical measurement of an isolated single molecule provides information about
how molecular orbitals control charge transport while reducing or eliminating the
intermolecular electronic interactions possible in the case of molecular ensembles

[12].
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1.3.1.1 Scanning Tunneling Microscopy

The scanning tunneling microscopy technique with its atomically sharp tip
can achieve high spatial resolution to manipulate and measure the electrical
characteristics of single/few molecules. STM measurements can be operated in
either constant current mode (tunneling current kept constant and surface
topography is recorded) or constant height mode (change in current is recorded at
different surface positions) or a combination of both. In STM measurements, the
molecules are either physisorbed or chemisorbed onto a conductive bottom
electrode, and the STM tip acts as the top electrode. A bias is applied between the
bottom electrode and the STM tip and the tunneling current is recorded to probe
the molecular layer conductance, as shown in Figure 1.5. Although STM
technique is capable of measuring a single molecule, the position of the STM tip
cannot be accurately assigned for a single molecule in a densely packed two-
dimensional self-assembled monolayer. To overcome that, a conductive molecule
(conjugated aromatic thiolate) is embedded into an insulating self-assembled
monolayer of alkanethiol[89], where higher conductivity was assigned for a
single aromatic molecule conduction. STM has the ability of measuring huge
numbers of molecular electronic junctions just by moving the tip, which results in
large set of data that can be analyzed statistically. A major disadvantage of STM
technique is the distance between the molecule and the STM tip is not accurately
defined, so the current change can be due to a change in molecular conduction or

simply a change in height.
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STM based break junction (STM-BJ) is a method to create molecular
junction repeatedly by moving an STM tip into and out of the substrate electrode
in the presence of the molecule of interest[10, 90-91]. The method has the
advantage of measuring large number of molecular junctions in short time and
creating a conductance histogram. The conductance histogram is used to identify

single molecule conductance as shown in Figure 1.6.

1.3.1.2 Conducting Probe Atomic Force Microscopy [CP-AFM]

In conducting probe AFM measurements, the tip is coated with a metal
and placed in direct contact with the molecular layer assembled onto a conductive
electrode surface. A bias is applied between the CP-AFM tip and the bottom
electrode and current through molecules is measured as shown in Figure 1.7a. The
technique is relatively simple and coating the AFM tip with different metals
enables the study of the effect of changing top contact work function on
conduction through molecular electronic junctions[92]. The spatial resolution of
CP-AFM is lower than STM because the AFM tip is much larger than atomic
scale, resulting in uncertainty in the number of molecules probed by the AFM tip.
One method to avoid this issue is using metal nanoparticles of known size so the
number of molecules under investigation can be estimated, but it also raises a
problem of contact resistance between the metal nanoparticle and AFM tip.
Another issue to be considered during analysis of the data is dependence of
current on the force applied by the AFM tip and the possibility of molecular layer

deformation.
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In another CP-AFM study, the effect of the molecule/electrode interface
was investigated by comparing conduction of alkane monothiols to alkane dithiol
molecules of the same length using Au-, Ag- and Pt-coated AFM tips[93]. The
contact resistance of alkane dithiol molecules was 1-2 orders of magnitude lower
than alkane monotiol molecules as shown in Figure 1.7b. This observation was
attributed to the ability of alkane dithiols to form metal-S bonds with the Au AFM
tip, while alkane monothiol cannot. This result shows the importance of bonding
between electrode and molecule to the observed molecular conduction[93]. The
dependence of charge conduction mechanism on the length of the conjugated
molecular layer was studied by AFM tip [94]. The data showed that the dominant
mechanism of charge transport was tunneling for a molecular layer thickness of ~
4-5 nm, then a transition from tunneling conduction to hopping conduction was

observed for molecular layer thickness over 4-5 nm[94].
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Figure 1.5. Electrical characterization of Au/LB monolayer by STM tip
(Reprinted with permission from reference[95]. Copyright 2012 American
Chemical Society)
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Figure 1.6. Conductance histogram of alkane dithiol (8 carbons) molecule from
~10,000 measurements by STM BJ method. Black arrows mark conductance peak
of one and two molecules. (Reprinted with permission from reference [90].
Copyright 2007 American Chemical Society).

17



1.7a

Auicoated'tip

Molecular

Bridge ip
Linking ~ S aalas |
e b b A A

Group
Au substrate

1.7b
10" g . . :
- ® Alkanethiols
5t O Alkanedithiols -
_ 10°E ;
g =
% 10 !' 3
% 10°F -
] i
e 10° 1
I s
£ 10°F 1
=] o — - ]
o 1 < a e ]
wr 2 2 22 2 oz 1
100 * L * *I * + L + ]
4.0 4.5 5.0 5.5 6.0

Work Function (eV)
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B). Comparison of contact resistance of alkane monothiol and alkane dithiol
probed by AFM tip coated by various metals (Reprinted with permission from
reference[93]. Copyright 2004 American Chemical Society)
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1.3.1.3 Mechanically controllable break junctions

The mechanically controllable break junctions (MCBJ) technique was
initially designed to study the tunneling behavior of superconductors[97]. This
technique was then introduced by Reed and co-worker to study the charge
conduction through molecular electronic junctions[98]. During the MCBJ
experiment, a metal filament or notched wire is fixed on insulating layer (e.g.
polyimide) attached to bendable substrate “bending beam”. Then the insulating
layer is etched under the metal to form a freely suspended metal bridge. The
nanogap is formed by mechanically bending the substrate using a piezoelectric
controlled pushing rod in z-direction as shown in Figure 1.8. Then the molecules
are chemisorbed on the metal to form the molecular junction, in sole cases with a
single molecule bridging the nanogap[98]. The nanogap distance can be defined
precisely through piezoelectric control. Another advantage of MCBJ is the ability
to repeat the bending process and collect a large number of measurements to
obtain statistical evidence of single molecule conductance. Although the distance
between the two electrodes can be controlled, the electrode shape and
configuration cannot be controlled (surface is not smooth and flat), and so

molecule/electrode contact is not well defined.
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Figure 1.8. Scheme for MCBJ and SEM image of one Au junction. A) is the
fabrication process with magnified image of the beak junction. B) Continuous Au
film before breaking. C and D) Various orientation of the molecules between Au
contacts. (Reprinted with permission from reference[101], Copyright 2006
American Chemical Society)

1.3.1.4 Electromigration break junctions
Electromigration break junctions are formed by passing a high electrical
current through a metal nanowire. This current leads to electromigration of the
metal and breaking of the nanowire and formation of a tunneling gap of 1-2
nm[99, 100]. Once the nano-gap is formed, it cannot be altered by the applied
current. Therefore, each nanogap has its own unique shape and length.
Consequently, the molecular junctions that are formed by modifying the nanogaps

have diverse junctions’ length and metal/molecule interfaces.
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1.3.1.5 Crossed-wire tunnel junctions

A crossed-wire tunnel junction is formed from crossing two metal wires
(10 uwm in diameter), one of which is modified with a self-assembled
monolayer[102] as shown in Figure 1.9. The metal wires are mounted on a test
stage perpendicular to each other. A magnetic field is applied perpendicularly to
the modified wire, and upon passing DC current in the wire it deflects and the
spacing between the two wires is controlled by Lorentz force. The deflection
current is increased slowly to bring the two wires in contact, thus forming a

molecular junction containing about ~ 10° molecules.

1.3.1.6 Surface diffusion mediated deposition
The surface diffusion of metals towards modified conductive electrode
permits the electrical characterization of junctions consisting of 1-10
molecules[103]. The resulting measurement of alkane layer conductance showed
exponential dependence of current on molecular length and also decay constant 3
of 0.9 per (-CH,-) group[103] as shown in Figure 1.10. The diffusion of metal is
also considered as “soft” nondestructive deposition of top contact as discussed

below.

1.3.2 “Ensemble” molecular electronic junctions
Ensembles of molecules (~ 10° to 10'? molecules) are adsorbed on the first
electrode and then a second conducting electrode is used to probe their electrical

behavior. Experimental platforms such as cross bar junctions, hanging Hg drop
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electrode and nanopore junctions have been used to fabricate and characterize
molecular ensemble junctions. Several paradigms have the potential of integration
with the current fabrication processes as discussed below[7, 39, 40]. However,
the intermolecular electronic interactions complicate data interpretation and
theoretical modeling. Paradigms that measure ensembles of molecules will be
discussed in the next section, classified according to the method of top contact

formation.
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Figure 1.9. Scheme representing crossed wire tunnel junction, one wire is
modified with SAM, and the other wire is perpendicular to it. (Reprinted with
permission from reference[102], Copyright 2002 American Chemical Society).
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Figure 1.10. Conductance measurement of homologous series of “single® or few
alkane molecules connected to carbon electrode & contacted by metal diffusion to
form the other contact (Reprinted with permission from reference[103].
Copyright 2011 American Chemical Society).
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1.4 Top Contact Formation and Molecular Layer Integrity

In order to successfully fabricate ensemble molecular electronic junctions,
the organic molecular layer should be connected electrically to the macroscopic
world through a permanent top contact[9]. The ideal top contact should be
permanent, robust, and reproducible and should not damage the molecules either
chemically through bond destruction or physically through penetrating and
disturbing the molecular layer, possibly forming a metal/metal short circuit. In
addition, the top contact should be electrically conductive so that the observed
current is a function of the molecular layer characteristics and not the top contact
itself. The methods used to fabricate top contacts in ensemble junctions are
summarized below as “direct” deposition involving vapor deposition directly onto
a molecular layer, and “soft” or “indirect” methods designed to minimize

disturbance of the molecular layer.

1.4.1. Direct Metal Top Contact Deposition

Direct physical vapor deposition of metals has been used as a fabrication
step to make electrical contact with the molecular layer bonded to a conducting
substrate. During direct metal evaporation, the metal is heated under vacuum
either by an electron beam or thermally to evaporate the metal. Then the
evaporated metal atoms are condensed onto the molecular layer to form a metal
contact. Although the technique is appealing because it is currently used in

microelectronics fabrication and possesses massively parallel fabrication
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capability, many studies reported molecular layer damage during direct metal
deposition and attributed the damage to the high temperatures and kinetic energy
of the metal atoms as well as to radiation emitted from the heated source[104].
Molecular layer integrity has been studied after direct evaporation of various
metals, including Al, Cu, Ag, Tiand Au. Metals have been deposited on the top of
Au substrate modified with SAMs of alkylthiol molecules[105-110] and SAMs of
mono- and dithiol conjugated molecules[111, 112]. Metals were reported to
penetrate and/or destroy the alkythiol SAMs to different degrees depending on the
metal deposited[106], molecular layer structure[107], terminal head group[105],
and packing density[106]. It was reported that Ti atoms cause complete
destruction of a conjugated molecular layer[111, 112] and formation of Ti-C
bonds[112], while Au atoms penetrate the conjugated molecular layer to result in
metal-metal short circuits[111, 112].

In addition, it was observed that the terminal head group of the organic
molecular layer can have important role in controlling metal diffusion through the
molecular layer. For example, it was demonstrated that a SAM with a terminal
thiol group (dithiol) could reduce Au atom penetration into the molecular
layer[105, 111]. Even a short, thiol-terminated propylsilane assembled on
Si/native SiO, is able to block Au diffusion into the molecular layer[113].
Another example is the control of Al penetration by a methoxy terminated
thiol[106, 107].

This penetration and/or damage were not limited to SAMs on Au

substrate. An alkyl molecular monolayer that was covalently bonded to a Si
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surface exhibited metal penetration and/or molecular layer damage during direct
metal deposition[114-116]. Complete destruction of an aromatic molecular
monolayer by direct evaporation of Au was observed in another spectroscopic
study [66] as shown in Figure 1.11.

In the case of a carbon surface modified by diazonium reduction, the
direct evaporation of Cu metal has been used to fabricate reproducible and high
yield (over 90%) carbon based molecular electronic junctions. The molecular
layer integrity was investigated with spectroscopic methods[117, 118], and more
investigations are presented in Chapters 2 and 3. As described later the stability of
diazonium-derived molecular layers on carbon surfaces is likely due to their

strong C-C surface bond.
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Figure 1.11. FT-IR spectra of aromatic molecular monolayer (nitrobenzene)
covalently attached to Si substrate. Bottom spectrum: Molecule/Si surface
initially. Middle spectrum: molecular layer after “soft” deposition of Au. Top
spectrum: after “direct” deposition of Au metal as top contact. (Reprinted with
permission from reference [66]. Copyright 2008 American Chemical Society)
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1.4.2 Indirect, or “Soft” deposition Techniques

1.4.2.1 Soft Liquid Contact

Many techniques have been investigated to make nondestructive contact
with the organic molecular layer to fabricate complete molecular electronic
junctions[8]. Conductive liquid contacts such as Hg[119-121] and eutectic
mixture of Ga/ln (eGaln)[122-125] have been used to make a “soft” top contact
with molecular layer, usually by lowering a drop of liquid metal onto a molecular
layer. Although such techniques helped to understand charge transport
mechanisms[120] and reproducible results have been reported, liquid metal
techniques are not practical for commercial device manufacturing and are
restricted to laboratory research. In addition, there is uncertainty regarding the

presence of impurities and oxides at the metal/molecule interface.

1.4.2.2 Indirect Physical Vapor Deposition

Indirect evaporation of metals was developed to minimize metal
penetration into the organic molecular layer and/or damage during deposition[23,
104, 126, 127]. During indirect evaporation, the samples were cooled and
positioned away from the metal deposition pathway. In addition, the evaporation
chamber was filled with inert gas (Ar) to obtain a pressure of ~2 x 10° mbar,
which permited the inert gas atoms to collide with the metal atoms. Thus, the
metal atoms lose most of their kinetic energy before reaching the sample

surface[8] as shown in Figure 1.12. The samples were positioned away from the
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metal vapor pathway in order to avoid heating and damage by radiation from the
e-beam source. Molecular layer integrity was investigated after both direct and
indirect evaporation[66, 104, 128]. In one study, direct deposition of Pd on
molecule/GaAs was compared to indirect evaporation, and it was concluded that
direct deposition damaged the molecular layer compared to indirect deposition
[128]. However, the tradeoff of the indirect evaporation method is a much slower
metal deposition rate (0.01 nm/s), and inefficient use of metal contact

material[104].

1.4.2.3 Nanotransfer Printing (nTP)
Soft photolithographic techniques, such as nanotransfer printing (nTP)
[129] have been used to fabricate molecular electronic junctions. A stamp was
prepared by direct e-beam evaporation of Au on an elastomer layer such as
polydimethylsiloxane (PDMS). Then the Au was mechanically transferred from
the stamp to organic molecular layer/GaAs to make the top metal contact as

shown in Figure 1.13.

1.4.2.4 Spin Coating of conductive polymers
A conducting  polymer,  poly(3,4-ethylenedioxythiophene)/poly(4-
styrenesulphonic acid) (PEDOT:PSS), has been spin coated on top of dithiol
SAMs on Au substrate. Au metal was then vapor deposited on top of the polymer
to fabricate complete junctions. The polymer was used to prevent metal
penetration through molecular layer or through pinholes as shown in Figure

1.14[39, 40]. Use of PEDOT:PSS on top of molecular layer resulted in fabrication
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of molecular junctions with high yield (> 95%) and large areas of 100 um in
diameter[39, 40]. The PEDOT:PSS junctions were reported to be stable up to 50

°C[42].

1.4.2.5 Lift-Off Float-On (LOFO)

The basis of the LOFO technique is deposition of a thin metal top contact
on a substrate that weakly bonds to the metal (e.g. Au bonded to SiO5). If strong
bond is formed between the metal and substrate, then a sacrificial layer is inserted
between the metal and the substrate[130]. After that, the metal is immersed in a
suitable solvent and lifted off from the substrate surface so the metal floats on a
solvent surface. The metal then is transferred to the modified substrate as the top
contact to form complete molecular junctions. Problems include repulsion
between the substrate and the floating metal that can be reduced if either the
substrate of the metal is hydrophobic. In addition, tearing and wrinkling of the
metal film can occur. That tearing and wrinkling may be reduced by rapid
evaporation of the solvent[130]. An improvement of LOFO technique has been
demonstrated by combining nanotransfer printing with LOFO, often called
polymer-assisted lift-off (PALO)[131]. In this technique, a polymer is added
between the substrate (or substrate/sacrificial layer) and the metal. This polymer
is detached with the metal. The detachment of the metal together with the polymer
leads to increased stability of metal contact and prevention of wrinkle formation.
This approach has been demonstrated to build large area molecular electronic

junctions[131] as shown in Figure 1.15.
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1.4.2.6 Soft Deposition through Metal Diffusion

A recent study of making soft metal contact with molecules with a
comparison to direct evaporation of the same metal has been published,[103, 132]
and is shown in Figure 1.16. The approach is based on using SiO; on top of the
modified electrode as a screen to shield the molecules from direct metal
evaporation, then metal is deposited on a nearby SiO, surface. Rapid thermal
equilibration of the deposited metal is followed by diffusion of the metal toward
the molecular layer results in a molecule/metal contact. Since the metal diffuses
at near room temperature, the molecule is not subjected to energetic metal atoms.

The technique also allows single molecule measurements as discussed above.

1.4.2.7 Electrodeposition
Formation of metal top contact on top of the molecular layer through
electrodeposition has been studied as alternative to evaporation methods[133-
138]. The metal ion was adsorbed by complexation onto the SAM/Substrate
surface and then electrochemical reduction of the metal was performed. In
addition, electrochemical deposition of metals has been used in conjunction with

STM and BCMJ to fabricate metal/molecule/metal junctions[139].
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Figure 1.12. Scheme for indirect evaporation of a metal onto organic molecular
layer to fabricate molecular electronic junction. (Reprinted with permission from
reference [23]. Copyright 2001 American Chemical Society)
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Figure 1.13. lllustration of nanotransfer printing of a metal from PDMS stamp to
organic molecular layer to fabricate Au/molecular electronic/GaAs junction.
(Adapted with permission from reference [129]. Copyright 2003 American
Chemical Society).
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Figure 1.14. Schematic illustration of fabrication steps of Au/PEDOT:PSS/
molecular layer/Au junction. (Reprinted with permission from reference [40].
Copyright 2006 Nature Publishing Group).
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Figure 1.15. Scheme for polymer-assisted lift-off PALO for transfer of metal
electrode to modified surface for fabrication of complete junction. a) the
substrate/polymer/metal electrode. b) Lift-off process. ¢) Polymer/metal floating.
d) Lift-on process and top contact formation on modified substrate. e) Complete
junction. f) Side view of the molecular junction. (Reprinted with permission from
reference[131]. Copyright 2006 John Wiley and Sons).
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Figure 1.16. Schematic illustration of Au diffusion towards molecular layer
during surface-diffusion mediated deposition (SDMD). (Adapted with permission
from reference[103]. Copyright 2011 American Chemical Society).
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1.5 Carbon Based Molecular Electronic Junctions

McCreery and co-workers fabricated cross bar molecular electronic
junctions based on a flat carbon as the bottom electrode[47, 117, 140]. The
carbon electrode is a pyrolyzed photoresist film (PPF)[141, 142]. Using a
photoresist has the advantage of permitting photolithographic fabrication of
carbon structures at micro[142] or nano-scale[143]. Another advantage of using
the photoresist is the ability to dilute the photoresist to fabricate ultra-thin
optically transparent carbon electrodes which can be used for spectro-
electrochemical studies[144-146] and spectroscopic detection of molecules at
buried interfaces as discussed below in chapter 3. The photoresist is pyrolyzed at
~ 1000 °C in presence of hydrogen gas (5% H, in N, gas). The pyrolyzed
photoresist carbon film has a resistivity of (5.1 x10® ohm.cm)[142] which is
comparable to glassy carbon. The surface of PPF is very flat with root mean
square (rms) roughness determined with AFM of < 0.5 nm[141], which is very
important for molecular electronic junctions fabrication, where the roughness of
the electrode should be less than the molecular length to prevent short circuit
formation. The surface of PPF is covalently modified by organic aromatic
molecules through electrochemical reduction of corresponding diazonium salts,
which leads to form an irreversible strong covalent C-C bond between the
aromatic molecules and PPF (as described in section 1.2.3.1 above). In addition,
electrochemical oxidation of aminoalkane molecules have been used to fabricate

alkane molecular junctions[46]. The Cu metal was directly deposited by electron

35



beam evaporation as top contact to produce a complete molecular electronic

junction.
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1.6 Characterization of Molecular Electronic Junctions
1.6.1 Electrical characterization of molecular electronic Junctions

Electronic characterization of molecular electronics is performed through
collecting current-voltage (i-V) curves. Besides studying the electrical behavior of
the junctions, interpretations of i-V curves reveal information regarding the
mechanism of charge transfer (by studying i-V behavior at various temperatures)
and used to extract contact resistance[96]. The simplest method of measuring the
i-V curves is to apply a 2-wire configuration, where a voltage bias is applied to
one electrode and current is sensed at the other electrode as shown in Figure 1.17.
For accurate determination of current-voltage behavior, the contact and lead
resistance should be corrected[147]. The electrode and lead resistance can add
ohmic potential error (iR drop), where the applied voltage bias on the electrode is
different from the actual bias at the junction. In this case, a 3-wire configuration
should be used where a third probe is used to sense the voltage on the electrode.
This third probe detects the actual voltage applied to the junction and corrects for
iR losses in the PPF lead and probe contact [147]. A 4-wire configuration should
be used if it is necessary to correct ohmic potential error at both electrodes, as

shown in Figure 1.17.
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Figure 1.17. Diagrams for 2-, 3- and 4-wire configurations for i-V curve
measurement of molecular electronic devices. V refers to the bias voltage; ADC1
represents the analog-to-digital channel for current where ADCO monitors voltage
and has a differential input in case of 4-wire mode. The letters D and S stand for
“drive” and “sense”.
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1.6.2 Spectroscopic characterization of molecular electronic junctions
Spectroscopic characterization of molecular layers within junctions is
challenging. First, the molecular layer is ultra-thin (1-10 nm), and a sensitive
technique is mandatory to probe such a thin layer. Second, the molecular layer is
buried under a top contact that, in most cases, is not optically transparent. As
discussed above regarding the formation of metal top contacts, molecular layers
can be damaged during fabrication. In-situ spectroscopic characterization of
molecular layers provides structural information about the molecular layer during
fabrication and while a voltage bias is imposed. Changes in molecular structure
may then be correlated with changes in junction electronic properties, to provide
insight into charge transport mechanism. Spectroscopic techniques have been
used to study molecular layer integrity and molecular changes under bias, such as
IR[66], UV-Vis[148], inelastic electron tunneling spectroscopy (IETS)[65, 113,
149] and Raman spectroscopy[117, 118, 150-152]. In addition, spectroscopic
techniques such as ultraviolet photoelectron spectroscopy (UPS) and inverse
photoemission spectroscopy (IPES) provide information about the Fermi level of
the substrate and HOMO - LUMO position of the molecular layer attached to the
surface. Both UPS and IPES spectroscopic data have been utilized to construct
energy level band diagram of the modified surface and the results were used to

estimate the charge transfer barrier[41, 92, 119].
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1.6.2.1 Ultraviolet photoelectron spectroscopy (UPS)

The principle of UPS analysis is the irradiation of a sample with high
energy monochromatic radiation (such as helium | line source, 21.2 eV), under
vacuum, resulting in emission of an electron from the sample under investigation.
The kinetic energy of emitted electrons are recorded and plotted as a UPS
spectrum[153, 154] as shown in Figure 1.18. Ultraviolet photoelectron
spectroscopy analysis can reveal the interfacial electronic states of the electrode
substrate, as it detects the occupied electronic state of the sample such as Fermi
level Ef of substrate as shown in Figure 1.18. The kinetic energy of the
photoelectron (Ek) is the difference between the radiation energy (hv) and the
binding energy (Ep):

Ekx=hv-E,
where h is Plank’s constant and v is the frequency of radiation. So the

"X will be emitted from Fermi

photoelectron with the maximum Kinetic energy Ex
level excitation, and the work function of the metal can be calculated relative to
the vacuum.

In the case of an electrode substrate modified by an organic molecular
layer, the photoelectrons are emitted mostly from the organic layer since the
technique is surface selective due to the short escape depth of excited
electrons[155]. In this case, the photoelectron with the maximum Kinetic energy

Ex™ will be emitted from the highest occupied molecular orbital (HOMO) level

excitation as shown in Figure 1.18.
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The energy offset between the Fermi level of the metal substrate and

HOMO of the molecular layer is considered as the tunneling barrier height for
hole transport (¢h.)[96]. The calculations of barrier height for charge transfer

allow investigating the correlation between the molecular structure and charge

transport in molecular electronic junctions.

1.6.2.2 Inverse photoemission spectroscopy (IPES)

IPES involves a beam of electrons of known kinetic energy directed at the
sample surface. The electron kinetic energy may be a single value or a range (0-
20 eV). Those electrons will occupy the empty energy level in the substrate and
radiate the excess energy in the form of photons that collected by the detector and
IPES spectrum is obtained[154, 156-158]. IPES is used to study the
unoccupied/empty electronic states in solid substrates surfaces[157, 159, 160].
For substrate surfaces modified with organic molecules, the IPES data represents
the unoccupied electronic states of the molecular layer, and permits determination
of the lowest unoccupied molecular orbital (LUMO) level of the molecular layer

[41, 119]. The calculation of the LUMO energy can be used to estimate the

barrier height for electrons tunneling (¢.-)[41, 120].
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Figure 1.18. Photoemission and UPS spectra of metal (right Figure) and metal
modified with organic molecular layer (left Figure). hv is photon energy, Ef
Fermi level, @ metal work function, Eyac" metal vacuum level, Ex kinetic energy

of the photon, &,” energy of HOMO relative to metal Fermi level, ey vacuum
level of organic layer relative to metal Fermi level (Reprinted with permission
form reference [155]. Copyright 1999 John Wiley and Sons).
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1.7 Scope and Research Objective

The overall goal of the research described in this thesis is the investigation
of organic molecular layer integrity during fabrication of molecular electronic
junctions, and to assess the compatibility of molecular junctions with
manufacturing and operating conditions common in the existing microelectronic
industry.  Optical and photoelectron spectroscopy are used extensively for
characterization of molecular electronic devices during fabrication and in
operation. In chapter 2, aromatic molecular layer integrity after direct deposition
of metals was investigated by ‘“back-side” optical spectroscopy through
transparent substrates. To carry out “back-side” spectroscopy, optically
transparent substrates were modified by organic molecular layers using ultrathin
Titanium (Ti) ~ 5 nm as a primer. Metallic Ti evaporated using electron beam
evaporator is very reactive and can provide electrons for electrochemical
reduction of aromatic diazonium molecules. The aromatic molecular layer
integrity was probed by “back-side” spectroscopic techniques such as Raman and

IR spectroscopy.

In chapter 3, the compatibility of molecular electronic junctions based on
carbon (PPF) bottom contact with several current microfabrication processes is
described. Thermal stability of the molecular layer on modified surface and in the
completely finished device was studied. In addition, compatibility with
photolithographic processes and different solvents used during the process and

direct top contact evaporation of various metals were investigated.
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In chapter 4, heavily doped n- and p- type Si (111) substrates were used as
the bottom electrode to replace the carbon. Semiconductor Si was used in order to
understand the effect of electrode/molecule interface and compare carbon based
molecular electronic junctions to similar devices made with a widely-used silicon
semiconductor. Furthermore, Si as a substrate can provide information about
transport mechanism of the charge carrier within the device, since Si allows the
manipulation of the substrate Fermi level through changing either the doping level
or type (p vs. n). Comparison of Si- based molecular junctions with similar
devices made with carbon substrates permits a more complete picture of the

factors that control charge transport in molecular junctions.
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Chapter 2

Modification of Optically Transparent Substrates with Diazonium
Reagents for Spectroscopy of Buried Interfaces

2.1 Introduction

The derivatization of a wide variety of surfaces with organic compounds
that possess desirable chemical or physical properties is an important
technological objective. Furthermore, the characterization of molecular layers on
the surface of these substrates is an important consideration for many
applications. This is especially important in cases where the molecular layers are
incorporated into a more complex structure with a targeted function. For example,
in molecular electronics, stratified layers of conductors and molecules are utilized
to build devices useful for studying charge transport mechanisms or novel
electronic phenomena as a function of molecular structure[1-6]. In such
investigations, it is critical to establish the influence of molecular structure on the
performance of the device. However, it can be difficult to probe molecular species
buried in working electronic devices since the contacts and/or substrates must be
at least partially transparent in the frequency range under study[3, 7-9]. A general
pathway to covalently bind a molecular layer to a wide range of surfaces that can
be characterized using various optical spectroscopic techniques would therefore
be beneficial.

The manipulation of interfaces is important in numerous areas of science

and engineering. For example, advances in the design and performance of
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sensors[10, 11], energy conversion devices[12], catalysts[13], and molecular
electronics[3, 14-16] all rely, in part, on well-controlled surface modification. To
this end, aromatic diazonium salts have been used to modify substrate surfaces
having a wide range of conductivity[17, 18], including metals[18-26], carbon[14,
18, 27-31], carbon nanotubes[32], and semiconductors[33, 34]. Diazonium-
mediated surface modification relies on the generation of a phenyl radical species
through reduction of the diazonium group followed by elimination of N,. The
radical species interacts with a surface site, often resulting in a covalent bond, the
details of which depend on the surface material[18]. In particular, when the
surface in question has free electrons and if electron transfer is favourable
thermodynamically, a spontaneous reduction of the diazonium ion can take place,
resulting in a spontaneous surface modification reaction[35, 36]. The resulting
molecular layers are generally robust and the modified surfaces can be applied in
many different studies. However, it should be noted that the aggressive nature of
the radical-mediated bonding pathway readily leads to multi-layer films. The
thickness of these films can be controlled by adjusting the appropriate conditions
(e.g., diazonium ion concentration and immersion time) and verifying thickness
with atomic force mircoscpopy[28].

In order to characterize buried molecular layers in electronic devices,
several methods have been reported. Raman spectra have been obtained through
thin semi-transparent top contacts[9, 15, 37, 38]. Infrared reflection spectroscopy
has been carried out through partially IR transparent Si substrates that also act as

the support for the molecular layer[39, 40]. In this case, thick, reflective top
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contacts are applied on top of the molecules in order to provide a highly reflective
surface[39, 40]. Ultraviolet-visible spectroscopy has been reported for
characterization of molecular layers through multiple thin layers of a completed
molecular electronic device[7]. Other reported optical probes include attenuated
total internal reflection (ATR) FTIR spectroscopy[41, 42], multiple transmission-
reflection infrared (MTR)[43], and infrared reflectance spectroscopy[44, 45].
Finally, inelastic electron tunneling spectroscopy (IETS) also provides
information about molecular structure and geometry during the course of charge
transfer measurements[46-48].

In this chapter, we describe the use of reactive metal primers to modify
quartz, Si, glass, and other surfaces so that Raman, IRRAS, p-polarized backside
IRRAS, and ultraviolet-visible (UV-Vis) spectroscopic measurements can be
accommodated in molecular junctions and related structures. Both Ti and Al are
known to form strong metal-oxygen and metal-carbon bonds with a variety of
materials, and are often used as “adhesion layers.” The thin metal layer also
provides a suitable reducing potential at the substrate surface that drives the
reduction of diazonium ions, generating radicals that can bind to the surface,
leading to the formation of a molecular organic layer. After deposition of top
contacts, an analysis of Raman and IR vibrational spectra can be used to test
molecular integrity during these often harsh fabrication procedures. The nature of
the bond formed between the metal primer and organic layer was investigated
using X-ray photoelectron spectroscopy, and the stability of the molecular layer

on the surface was studied by subjecting primer-derived molecular layers to
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heating and immersion in organic solvents and aqueous acid and base. Finally, the
variables affecting the characteristics of the molecular layer including immersion
time, primer metal thickness, and diazonium salt concentration were also

investigated.

2.2 Experimental Section

Acetonitrile, acetone and isopropanol (HPLC grade, Fischer Scientific)
were used as received. Water was purified by a Millipore system (18 MQ, 3 ppb
TOC). 4-Nitroazobenzene (NAB) 4'-diazonium tetrafluoroborate salt was
prepared as described in detail elsewhere[37]. For Raman and UV-Vis
spectroscopy, 25 x 25 x 0.22 mm® quartz microscope cover slips (Technical Glass
Products, Inc.) were used as optically transparent supports. For infrared
experiments, infrared transparent Si was used (double-side-polished highly n-
doped Si (111) from Cemat Silicon S. A.) after dicing into 18 x 15 mm? chips. In
addition, glass (22 x 22 x 0.14 mm? glass cover slides from Fischer scientific) and
high density polyethylene (HDPE) from Nalgene® plastic bottles cut into 20 x 20
mm’ pieces were used in other experiments. Quartz (Q), glass (G), and Si
substrates were cleaned by sonication in acetone, isopropanol and then ultrapure
water for 10 min each, and HDPE substrates were cleaned by sonication in
ultrapure water only; all substrates were dried after cleaning in a stream of N..
Substrates were transferred to an electron-beam evaporator (Kurt J. Lesker
PVD75), and the chamber evacuated overnight to a pressure of 2.2 x 10”7 Torr

before beginning deposition. Metals (Ti, Al, and Cr) were deposited at 0.3 A/s, as
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determined from a quartz crystal microbalance near the sample. Metal thicknesses
are indicated in nm in sample designations; e.g., Q/Ti(5) indicates 5 nm of Ti
deposited on quartz.

Chemical derivatization of the primed surfaces was performed by the
spontaneous reduction of diazonium salts in acetonitrile solution. Immediately
after removing primed substrates from the evaporation chamber, they were
immersed in a freshly prepared solution of the diazonium salt (1 mM) in
acetonitrile for 30 min, except for the modification of HDPE, which was done
using aqueous 0.1 M H,SO, as the solvent. Following immersion, the substrate
was rinsed with neat acetonitrile (or 0.1 M H,SQO,4) and then dried in a stream of
N,. Reflective metal overlayers of Au or Ag were electron-beam deposited at 3 A
s* and a pressure of 2.6 x 10® Torr onto Q/primer/NAB or Si/primer/NAB
substrates for “backside” Raman and IR, respectively. For XPS experiments,
thermally oxidized Si samples primed with Ti were removed from the evaporation
chamber and placed into a low vacuum transport chamber before being
transferred to the XPS analysis chamber in order to minimize atmospheric
exposure. The peak deconvolution and peak fitting was performed with Casa XPS
Software version 2.3.5 (Casa Software Ltd., U.K.) and applying both Gaussian
and Lorentazian functions to fit the peaks, the G/L ratio equal to 7/3, and the
background was modeled as Shirley function.

Raman spectra were collected through the transparent Q/primer substrate
using a custom built spectrometer equipped with an Argon ion laser (514.5 nm), a

50 mm f/1.8 Nikon camera collection lens, a 2000 groove/mm holographic
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reflection grating, and a back scattering geometry that employs an Andor back-
thinned charge-coupled device (CCD) detector cooled to -80 °C[49]. The incident
power was ~19 mW on a 50 um x 5 mm focal line, and the signal was integrated
for 30 s, unless stated otherwise. Infrared spectra were collected using a Bruker
optics VERTEX 70 FT-IR spectrometer fitted with a Harrick Seagull reflection
accessory and an MCT detector. Each spectrum represents the average of 512
scans and was collected using an incidence angle of 80°, p-polarized light, a 1
mm optical aperture, 4 cm™ resolution, Blackman-Harris 3-term apodization, and
a zero-filling factor of 2. Data collection was initiated after a 20 min purge with
dry N,. UV-Vis spectra were recorded using a Perkin-Elmer Lambda 900

spectrometer.

2.3 Results and Discussion

Titanium is a highly reactive metal that is easily oxidized in ambient
conditions[50]. This reactivity can be utilized to initiate the reduction of a
diazonium salt in solution, which, in turn, forms free aryl radicals that bind to the
Ti surface, resulting in a chemisorbed molecular layer. Figure 2-1 shows Raman
spectra of quartz (Q) and Q/Ti (5 nm), before and after immersion in a solution of
1 mM NAB diazonium ion in acetonitrile for 30 minutes. Analysis of Figure 2-1
shows the ultrathin Ti layer does not contribute significantly to Raman scattering
since both Q and Q/Ti(5) have very similar spectra. The only features in these
spectra are those expected for bare quartz, and include a longitudinal optical (LO)
mode at ~807 cm™ and a transverse optical (TO) mode at ~795 cm™ which appear

as a broad unresolved peak, and a TO mode at 1073 cm™ [51]. Moreover, the
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absence of the molecular vibrational spectrum for NAB after immersion of Q in
NAB DS shows that without the reactive metal primer, NAB is not detectable on
this surface using Raman spectroscopy. On the other hand, Figure 2.1 shows that
the NAB spectrum is quite strong when the Q substrate is primed with a 5 nm
layer of Ti (the characteristic Raman frequencies and peaks assignment for NAB
on Q/Ti surface are given in Table 2-1). Furthermore, attempts to modify Q
without a Ti primer layer but with a solution of a diazonium ion and reducing
agent such as NaBH,4 or hypophosphorous acid, as reported for Au and carbon
nanotubes[19, 52] respectively, did not result in an observable NAB Raman
spectrum on the treated quartz sample. However, in order to use the reactivity of
Ti metal as a surface primer, it is critical that primer exposure to air is minimized.
Figure 2-2 shows an attempt to modify a Q substrate primed with Ti metal after
exposure to ambient atmospheric conditions for three days prior to immersion in
NAB DS, the intensity of the Raman signal for NAB was reduced by ~92%
relative to that observed in Figure 2-1. Additional characterization of the
chemisorbed NAB layer is described below, but first the generality of the

approach to a variety of surfaces is discussed.
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Figure 2-1. “Frontside” Raman spectra of four samples: un-primed quartz (Q) and
Ti-primed quartz (Q/Ti(5)) are shown, also both types of samples after a 30 min
immersion in a 1 mM solution of NAB diazonium salt (Q/NAB DS and
Q/Ti(5)/NAB.

Table 2-1. Characteristic Raman frequencies and corresponding assignments for
NAB molecular layer on Tiand Al

NABinCCl, Ti/NAB Al / NAB Assignment
933 927 922 CH bend
1112 -- -- Ph-NO; stretch
1147 1139 1141 Ph-N=N stretch
1183 1191 1191 CH bend
1347 1344 1341 NO; sym stretch
1412 1406 1401 N=N stretch
1449 1451 1448 N=N stretch
1594 1598 1596 C=C ring stretch
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Figure 2-2. Raman spectra of Q/Ti (5)/NAB, just out of e-beam (blue curve) and
Q/ Ti (5)/NAB after setting in air for 3 days prior to surface modification by NAB
DS (black curve).

The Ti primer provides a platform for the spontaneous modification of
various surfaces including quartz and Si (see below). Since Ti is known to adhere
to numerous materials possessing a wide range of conductivity[50, 53, 54],
several different substrates were tested: Au, Al foil, SiOy, glass, and high density
polyethylene (HDPE). Raman spectroscopy confirmed bonding of NAB to Ti
primer layers on glass and Al foil as shown in Figure 2-3, and modification of Au
is shown in Figure 2-4. Since Raman spectroscopy was not suitable for
monitoring bonding to HDPE due to a large substrate Raman signal, XPS was
used to analyze HPDE after modification. Figure 2-5 shows XPS of HDPE
following deposition of a 5 nm Ti primer layer and exposure to NAB DS solution

in 0.1 M H,SO,4 which exhibits characteristic N(1s) peaks in both low- and high-

resolution XPS spectra.
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Figure 2-4. Raman Spectrum of Si/SiO,/Cr(5)/Au(100)/Ti(5)/NAB.
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Figure 2-5. (A) XPS spectrum for High Density Polyethylene (HDPE)/ Ti(5) /

NAB. (B) High-resolution spectrum in the nitrogen region showing an azo N(1s)
peak (red curve) and a nitro N(1s) peak (blue curve) characteristic for NAB

molecular layer.

Aluminium and Chromium are also widely used as adhesion layers as
alternatives to Ti, and bulk Al alloy surfaces have been modified
electrochemically with molecular layers through diazonium chemistry[26]. Using
a 5 nm layer of metallic Al as a primer to modify a quartz surface spontaneously
with NAB resulted in a Raman spectrum comparable to that observed when using

Ti as the primer metal, as shown in Figure 2-6. However, the intensity when using
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Al was ~85% that observed when using Ti as a primer. On the other hand, the
NAB spectrum on a similarly freshly prepared Cr film on quartz was below the

Raman detection limit as shown in Figure 2-7.
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Figure 2-6. Raman Spectra for Q/ Al (5)/ NAB and bare quartz cover.
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Figure 2-7. Raman Spectra of Glass/ Cr (5) and Glass/ Cr (5)/ NAB.

Quartz has a very low infrared transparency; however, silicon can be

highly IR-transparent, depending on the details of doping[55]. Recently, a
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“backside” infrared reflection technique was developed in order to characterize
aromatic molecular layers adsorbed directly on Si[40]. The method relies on the
deposition of a metallic overlayer on top of the molecules in order to provide a
reflective surface, and the spectrum is then acquired through the IR-transparent
substrate. Instead of using this method for substrates in which the derivatization is
carried out directly on Si, we have used metal-primed IR-transparent Si
substrates. A significant portion of the infrared light incident from air onto the
backside of the Si substrate passes through the Si, Ti, and molecule phases, and is
reflected from the surface of the thick metal overlayer, enabling p-polarized
backside infrared reflection absorption spectra (p-b IRRAS) to be obtained.

Figure 2-8 shows IRRAS spectra for several samples in two different
geometries (as illustrated in Scheme 2-1) and illustrates the utility of an ultrathin
metal primer in mediating the modification of Si with an organic layer. Figure 2-
8A shows an IRRAS spectrum of NAB in the “backside” geometry, while Figure
2-8B shows conventional IRRAS spectra of Si/SiO,/Cr(5)/Au(100 nm)/Ti(5) and
Si/SiO/Cr(5)/Au(100 nm)/Ti(5)/NAB obtained in a conventional geometry (i.e.,
“frontside” spectra). These data illustrate two important points. First, the
molecular layer survives the “direct” e-beam deposition of 100 nm of Au on the
SI/TI/INAB surface as shown in Figure 2-8A. Second, ultrathin Ti metal can be
used to prime Si surfaces in order to derivatize the substrate with an organic layer,
and the Ti does not significantly interfere with the IR spectral signature of the
molecule. The characteristic vibrational spectrum for NAB appeared only when

the Ti primer was present, indicating that the metal primer is responsible for
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binding the molecular layer to Au surface (the characteristic IR frequencies and
peaks assignment for NAB on Ti surface are given in Table 2-2). Although the
peak intensities for NAB in Figure 2-8B (Si/SiOx/Cr/Au(100 nm)/Ti(5)/NAB
front-side spectrum) are ~2-3x higher than that observed in Figure 2-8A
(SUTI(5)/NAB/AuU(100 nm) back-side spectrum), the absolute intensities cannot
be directly compared due to differences in geometry and losses in the Si.
However, the fact that the relative intensities of several different bands are
unaltered by Au deposition provides strong evidence that the NAB layer survives

metal deposition without significant changes in structure.
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Figure 2-8. (A) Backside IRRAS for Si/Ti(5)/NAB/Au(100 nm), showing the
molecular signature for NAB is clearly observed (see Scheme 2-1A) (B)
Corresponding frontside IRRAS spectra for Au/Ti(5) (blue curve) and
AU/Ti(5)/NAB (black curve), showing that the Ti primer does not have significant
IR bands in this wavelength range and that the metal primer can be used to
modify a gold surface (see Scheme 2-1B).
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(A) p-polarized “Back- (B) “Front-side” IR

side” IR Spectroscopy Spectroscopy

NAB
T~ TiGmm)_—"

Incident IR
Reflected IR

Si 3
x oy £ Au (100 nm)
= i (5nm g
% NAB g | Cr (5 nm)
k= x : 1o
Au (100 nm) Si/SiO,
Si/Ti(5)/NAB/Au(100) : Si/SiO /Cr/Au(100)/Ti(5)/NAB

Scheme 2-1. Diagram of experimental set-up used to obtain IRRAS spectra. (A)
In the “back-side” method, light passes through an IR-transparent Si, which is
used at the substrate support, and is reflected from an optically dense layer of
metal deposited directly onto the molecular layer. (B) In the “front-side” or
conventional geometry, light must pass through any top contact materials in order
to obtain a spectrum (no top layer is shown in Figure).

Ti/NAB Assighment

1107 C-H/ NO,

1136 Ph-N=N stretch

1346 NO, sym

1524 NO, asym+ C=Cring
1591 NO, + C=C ring

Table 2-2. IR frequencies and peak assignments for NAB.
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In addition to Raman and IR spectroscopy, we have also used ultrathin
primer metals to modify quartz substrates for use in UV/vis measurements. Figure
2-9A shows UV/vis absorbance spectra for quartz (Q), Q/Ti(5), Q/TiO2(5) and
Q/Ti(5)/NAB, all obtained in transmission geometry and referenced to air (as
illustrated in Scheme 2-2). The TiO, layer was deposited directly from rutile as
described previously[56], and is provided for comparison. The spectrum for Q
shows a uniform and low absorbance throughout the wavelength range, with a
slight increase in absorbance below 275 nm. When the Ti primer layer is
deposited onto Q, the absorbance increases markedly throughout the UV/vis
range, and a broad feature is observed between 200 and 325 nm. This indicates
that the metal is reflective and increases the optical density of the substrate, but
nevertheless the sample still maintains significant optical transparency. For
comparison, when oxidized TiO; is deposited (from rutile) onto Q, the absorbance
remains close to that for unmodified Q above 400 nm, but a band is observed at
285 nm, consistent with the literature for UV absorption by TiO, [57]. Oxidation
of Ti metal can therefore be monitored by tracking the changes in UV-Vis
spectrum of Q/Ti. After oxidation of a Q/Ti sample at 100 °C in oxygen for one
day, the UV-Vis spectrum resembles that for Q/TiO, (from rutile), indicating that
the thin layer of Ti metal can be oxidized to a passive layer of TiOx as shown in
Appendix 1 Figure 1A. Oxidation of the Ti primer layer was studied in more detail
using XPS, as discussed below. Finally, the Q/Ti(5)/NAB sample shows
additional absorbance below 600 nm when compared to a Q/Ti(5) sample. In

order to enhance the differences in absorbance between these two samples, a
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difference spectrum is plotted in Figure 2-9B as a subtraction of the Q/Ti(5)
absorbance from that for Q/Ti(5)/NAB. As shown, a broad band is observed with
a maximum at 340 nm, which has been attributed to chemisorbed NAB in

previous studies[58].

UV-Vis Spectroscopy

Incident Light (l,)
Quartz
Ti (5 nm)
NAB
Transmitted Light (1)

Scheme 2-2. In UV-vis, light passes through the transparent substrate and the
transmitted light detected.

Comparison of Amax 0f Q/Ti(5)/NAB from Figure 2-9B (340 nm) with that
for NAB in hexane (Amax = 330 nm)[58] and NAB adsorbed on optically
transparent carbon (Amax = 356)[58] indicates that a red-shift occurs when NAB is
bonded to a substrate. This shift is most pronounced for carbon, but is still
apparent for films deposited onto quartz via a Ti primer. The band broadening and
red shift of the NAB spectrum can be attributed to either an electronic interaction
between the substrate and NAB molecular layer or to lateral intermolecular

interactions between chemisorbed NAB molecules on the surface.

75



035 A A Q/Ti(5)/NAB

0.30 -\\(/Q/Li(s)
0.25 -
0.20 P

-
< 0.15 |
0.05 T™N—__
0.00 T T T T T 1
200 300 400 500 600 700 800
Wavelength (nm)
0.05 ~ ; o
B UV -Vis Difference Spectra
904 1 between Ti/ NAB & Ti
— 0.03
< 0.2 -
0.01 4
0.00 -

200 300 400 500 600 700 800
Wavelength (nm)

Figure 2-9. (A) Transmission UV-Vis spectra referenced to air for several

samples, as indicated (see Scheme 2-2) (B) Difference spectrum plotted as the

absorbance for Q/Ti(5)/NAB after subtracting the absorbance for Q/Ti(5),

showing the absorbance band for NAB with a maximum at 340 nm.

In order to characterize the oxidation state of the Ti in the primer layer and
to probe the nature of any chemical bonds between the molecule and the Ti
primer, XPS was carried out on modified surfaces. A survey spectrum of
Si/SiO/Ti is shown in Figure 2-10. Two prominent peaks are apparent: Ti(2p)
and O(1s). The much smaller features such as Si(1s) at 102.8 eV are attributed to
the SiO4 substrate, while peaks for species such as C(1s) at 284.8 eV can
generally be attributed to adventitiously adsorbed contaminants. Figure 2-11

shows a high resolution spectrum for this sample in the Ti region, where a

deconvolution analysis was carried out that revealed five observable features. The
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deconovoluted bands correspond to TiO, [Ti(2p1) at 464.7 eV and Ti(2ps2) at
459.2 eV]; TiO [454.6 eV and 460.8 eV]; and Ti,O; [457.9 eV][37, 59].
Importantly, no peak corresponding to fully reduced Ti (i.e. 453.8 eV)[50, 60]
was observed. This result is attributed to the high reactivity of Ti with both
residual chamber gases during deposition and reaction with atmospheric oxygen
upon removal of the primed substrate from the evaporation chamber. In order to
examine the oxidation process of the Ti primer layer, several samples were treated
with oxygen and heat, and the oxidation state of the layers was again evaluated

using XPS.

Si / Si0,/ Ti (5)

O

Ti2p

- C 1s

Y |
T T T T T l

1000 800 600 400 200 0

Binding energy (eV)
Figure 2-10. XPS survey spectrum of a Si/SiO»/Ti sample.
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Figure 2-11. High-resolution XPS spectrum for Si/SiO,/Ti with several species
represented as best-fit curves from a deconvolution analysis. TiO,: Ti(2p1) at
464.7 eV (green curve), Ti(2ps2) at 459.2 eV (red curve); TiO: 454.6 eV (grey
curve) and 460.8 eV (pink curve); and Ti,O3 peak at 457.9 (blue curve).

Figure 2-12 shows a high-resolution XPS spectrum of Si/SiO,/Ti after
exposure to pure oxygen (1 atm) for 24 h at 100 °C. Comparison of Figures 2-10
and 2-11 shows that after the treatment, most of the TiOy is fully oxidized (i.e.,
occurs as TiO,). For example, the peaks indicative of TiO,, Ti(2p1/2) at 464.6 eV
and Ti(2ps/2) at 459.0 eV, increase in intensity while those for less oxidized states
of Ti are greatly diminished. In fact, only a small amount of Ti,O3 (indicated by
the small peak at 457.3 eV) is indicated by the XPS data. Collectively, the results
from analysis of the XPS spectra shown in Figures 2-10 — 2-12 indicate that a Ti
metal primer layer is composed of a mixture of oxides of titanium, but that the
film can be almost completely oxidized to TiO, by treatment at elevated
temperatures in pure oxygen. In order to determine the nature of NAB bonding to

the primer layer, XPS analysis was carried out on samples after deposition of the

molecular layer.
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Figure 2-12. High-resolution XPS spectrum for Si/SiO,/Ti after exposure to a

pure oxygen atmosphere for 24 h at 100 °C. Ti(2pi) at 464.6 eV (green curve)
and Ti(2ps2) at 459.0 eV (blue curve) , Ti,O3 peak at 457.3 eV (red curve).
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Figure 2-13A shows an XPS survey spectrum of Si/SiIOx/Ti(5)/NAB (the
SiOx is thermally grown) after treating the sample in a pure O, atmosphere for 24
hrs at 100 °C (treatment carried out after NAB modification). High-resolution
scans of the Ti, N, and C regions are shown in Figures 2-13B, 2-13C, and 2-13D,
respectively. First, the analysis of the Ti region shown in Figure 2-13B shows that
the Ti is present mainly as TiO,, as indicated by the peaks for Ti(2pi) at 464.5
eV and Ti(2psz) at 458.8 eV. Small peaks at 457.1 eV and 455.2 eV are
attributable to residual Ti,O3 and TiO, respectively[61]. Moreover, no distinct
peak for Ti bonded directly to carbon at 454.6 eVV[62] was observed after careful
analysis of the high resolution spectra. Second, strong N(1s) peaks are observed in
Figure 2-13C centered at 400.1 eV (corresponding to the azo group of the NAB
molecule), and 405.9 eV (representing the nitro group of NAB). The integrated
peak areas for the azo and nitro peaks are 67.25 and 32.75, respectively, which
closely corresponds to the 2/1 ratio expected for the NAB molecule. Third, the

C(1s) peak in Figure 2-13D was deconvoluted by curve fitting (as shown in the
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Figure) into two distinct peaks: one centered at 284.7 eV that corresponds to
C(1s) of sp2 hybridized carbon in the aromatic rings of the NAB molecule[26,
63], and the other at 285.6 eV, which represents a phenyl carbon atom attached to
either nitrogen or oxygen atoms[64]. It worth noting that the C(1s) peak in Figure
2-13A is much more intense that the adventitious carbon peak C(1s) in Figure 2-
10. No evidence of a C-Ti bond at 281.5 eV[63, 65] was found. Although
diazonium salt modification of Ti nanoparticles in solution reportedly results in
formation of a Ti-C bond[66], high resolution XPS analysis of Figure 2-13B and
2-13D did not provide any evidence for a Ti-C bond in the present case. Given the
exposure of the Ti primer layer to the atmosphere before reaction with the

diazonium reagent, the most likely surface bond is Ti-O-C rather than Ti-C.
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Figure 2-13. (A) Survey spectrum of a thermally oxidized Si wafer with a
molecular layer of NAB deposited using a 5 nm Ti primer layer. (B) High-
resolution spectrum in the Ti region showing peaks that correspond to Ti(2p12) at
464.5 eV (blue curve), Ti(2ps2) at 458.8 eV (red curve), Ti,O3 peak at 457.1 eV
(green curve), and Ti*" at 455.2 eV (pink curve). (C) High-resolution spectrum in
the nitrogen region showing an azo N(1s) peak at 400.1 eV (red curve) and a nitro
N(1s) peak at 405.9 eV (blue curve). (D) High-resolution spectrum in the carbon
region showing peaks that represent C(1s) bonded to either O or N at 285.6 eV
(blue curve) and C(1s) in a phenyl group at 284.7 eV (red curve).
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Various experimental conditions were tested in order to assess their impact
on the amount of modifier obtained at the surface of the substrate. To this end, the
intensity of the Raman signal was followed as several variables were altered,
including the thickness of the Ti, the concentration of the NAB diazonium salt in
solution, and the immersion time of the primed substrate. In general, the Raman
signal increased monotonically with Ti thickness as shown in Figure 2-14, NAB
concentration as shown in Figure 2-15, and immersion time as shown in Figure 2-
16. For a 5 nm Ti thickness and 30 minutes immersion time (1 mM NAB DS), the
NAB film thickness was estimated (using AFM scratching) to be 5.8 nm,
indicating the formation of multilayers. Thus, the increase in the Raman signal as
a function of Ti thickness, NAB concentration, and immersion time can
tentatively be attributed to increases in the total amount of NAB on the substrate
surface. Thus, the deposition conditions (and Ti thickness) should be optimized in

order to achieve the desired thickness for a given application.
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Figure 2-14. Raman Spectra of Glass/Ti (X)/NAB, where x is the thickness of Ti
in nm.
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The stability of the molecular layers deposited using a metal primer was
tested by subjecting modified samples to different treatments and tracking any
changes in the Raman spectral intensity. Samples of either Si/SiO./Ti(5)/NAB or
Glass/Ti(5)/NAB were sonicated in various solvents, boiled in water, immersed
into dilute acid or base, and heated. The experimental results are summarized in
Table 2-3 and spectra are provided in Figure 2-17 to 2-22). As shown in the
Table, the peak height for the Raman band at 1600 cm™ (C=C stretch) decreased
in all cases, but for many conditions the loss of intensity was small. For example,
sonication in acetone or immersion in weak acids or base resulted in a decrease of
less than 10%. A slightly larger decrease (12%) occurred after heating the sample
at 200 °C in a low vacuum (~75 torr), and moderate decreases are noted for
sonication in ACN for 30 min or immersion in boiling water for 60 min. The
results in Table 2-3 indicate that the molecular layer adsorbed onto the substrate
through the Ti metal primer can withstand moderately concentrated alkaline and
acidic solutions. Moreover, the layers show good heat resistance, consistent with a
similar study in which layers of NAB bound by covalent C—C bonds formed by
modification of carbon surfaces using the spontaneous reduction of aryl
diazonium salts were thermally stable up to 200 °C[67]. However, for the present
case, a larger reduction in intensity was observed, indicating that the Ti-O-C bond

appears to be less thermally stable than the C—C covalent bond.
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Figure 2-17. Raman spectra of NAB molecular layers deposited onto a glass
substrate using a 5 nm Ti primer layer before and after sonication in acetone for
30 min.
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Figure 2-18. Raman Spectra of Si/SiO,/ Ti/ NAB, before (blue curve) and after
(black curve) immersion in boiling water for 60 minutes.
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Figure 2-19. Raman Spectra of Si/SiO,/ Ti /INAB (black curve), and same
sample after immersion in 0.1 M NaOH for 30 minutes (red curve).
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Figure 2-20. Raman Spectra of Si/SiO,/ Ti /NAB (blue curve), and same sample
after immersion in 0.1 M HCI for 30 minutes (red curve).
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Figure 2-21. Raman Spectra of Si/SiO,/ Ti /NAB (blue curve), and same sample
after immersion in 0.1 M H,SO, for 30 minutes (red curve).
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Figure 2-22. Raman Spectra of Q/ Ti /NAB before heating and the same sample
after heating at 200 °C for 2 hours.
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Table 2-3. Summary of Raman intensity changes for NAB after different
treatments. The intensity of the band at ~1600 cm™ (C=C ring stretch) was used
as a diagnostic.

Before treatment After % change
treatment

Sonication in 32,6 (cts s 302 (ctss?)  -7.3%
acetone

Sonication in ACN  89.4 (cts s™) 61.9 (cts s™) -30.7%
Boiling water 119.8 (cts s™) 91.4 (cts s™) -23.7%
0.1M NaOH 87.7 (cts s™) 83 (cts s™) -5.3%
0.1M HCI 93.6 (cts s™) 90.1 (cts s™) -3.7%
0.1M H,S0, 85.6 (cts s™) 81.1 (cts s™) -5.2%
Heating at 200 °C 192.8 (cts s™) 169.7 (cts s™) -12%

As noted earlier, Raman spectroscopy has been reported previously for
characterization of molecular layers at buried interfaces and in molecular
electronic junctions by using thin, partially transparent top metal contacts[8, 9,
37, 68]. In order to increase the versatility of these experiments, we have applied
Ti primer-derived adlayers to study the effect of depositing top contact materials
on the structural integrity of the molecular layer. Figure 2-23A shows Raman
spectra of Q/Ti(5)/NAB obtained from both the front-side (red curve) and from
the back-side (through the primed quartz substrate, blue curve). Figure 2-23B
shows Raman spectra of Q/Ti(5)/NAB after deposition of a thin (10 nm)
transparent top metal (Au) obtained from both the front-side (through the 10 nm
Au, red curve) and from the back-side (through the primed quartz substrate, blue
curve). As shown, the molecular signature for NAB (see Figure 2-1 and Table 2-
1) is apparent in both cases, indicating that the molecular layer is not seriously

damaged by metal deposition. In Figure 2-23B, The Raman peak intensity for
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NAB (and the quartz feature at 807 cm™) obtained in front-side mode is less than
that observed in back-side mode, due to attenuation of the incident and scattered
light by the Au layer in frontside mode. Thus, it is apparent there is a sensitivity
advantage in collecting the spectrum through the “backside” (i.e., the quartz
layer), of ~ 40%.

Recall that in Figure 2-8, the IRRAS spectrum obtained from the backside
of a Si/Ti(5)/NAB/Au(100 nm) substrate also showed that the NAB layer can
easily be detected, supporting the Raman results that Au deposition does not
destroy the molecular layer. A further demonstration of the utility of back-side
Raman is demonstrated in Figure 2-23C, where both front- and back-side Raman
spectra are shown for a Q/Ti(5)/NAB sample with 100 nm of Au deposited
directly onto the molecular layer (as illustrated in Scheme 2-3). The backside
spectrum obtained through the Q substrate (blue curve) is similar to that observed
for only 10 nm of Au (Figure 2-23B, blue curve), in both structure and intensity.
However, the front-side spectrum obtained (Figure 2-23C, red curve) shows that
no molecular signature for the molecular layer was obtained. Since the backside
spectrum (blue curve) shows a clear Raman spectrum for NAB, the
“disappearance” of the spectrum in front-side mode (for the same sample) must be
due to minimal transmission through the 100 nm thick Au layer. Thus, molecular
layers buried under relatively thick top contact materials and minimal optical
transparencies can be characterized using the back-side method if an appropriate

substrate support is used (e.g., quartz for Raman or Si for IR).
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In order to test the generality of these observations, a different top contact
material was chosen. Figure 2-24 compares the backside spectra of Q/Ti(5)/NAB
before and after deposition of 50 nm of Ag. Metals such as Ag, Cu, and Ti can
reduce NAB, as evidenced by a reduction in the ratio of the peak intensity at 1406
cm™ to that at 1451 cm™ (N=N stretches)[3, 9]. Indeed, in Figure 2-24, the ratio
decreases from 1.1 to 0.99 after Ag deposition. A detailed analysis of metal

deposition effects on molecular layers will be reported in the next chapter.
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Scheme 2-3. Schematic diagram of geometries employed in obtaining Raman
spectra. (A) “Back-side” geometry, where the incident light passes through the
substrate support (Quartz) before exciting the molecule. (B) “Front-side”
geometry where light must pass through a metallic top layer.
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Figure 2-23. (A) Raman Spectra of Q/Ti(5)/NAB collected from top side (red
curve), and quartz or “backside” (blue curve). (B) Raman spectra of Q/Ti
(5)/NAB after deposition of 10 nm Au metal directly on top of the molecular
layer, collected from top side (red curve), and quartz or “backside” (blue curve).
(C) Raman spectra of Q/Ti (5)/NAB after deposition of 100 nm Au metal,
collected from top-side (red curve), and backside (blue curve).
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Figure 2-24. Raman spectrum of Q/Ti (5)/NAB obtained from the backside
before (red curve) and after (black curve) deposition of 50 nm Ag.
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2.4 Summary

This work has shown that ultrathin layers of reactive metals can be used as
primers to prepare a variety of substrate materials for modification via the
reduction of aryl diazonium ions. The molecular layers bonded to the surface of
the Ti primer are stable to sonication, aqueous acids and bases and moderate
heating. Diazonium reagents can be made from a wide variety of aromatic amines,
and the Ti primer was shown to enable bonding of diazonium-derived radicals to
glass, quartz, Au, Al, and polyethylene. Since Ti is quite reactive and bonds to
both conducting and insulating surfaces, its use as a primer should be applicable
to a wide variety of materials. Modification of transparent substrates enables UV-
Vis, FTIR, and Raman spectroscopy for characterization of the molecular layer at
buried interfaces after deposition of a top contact regardless of its thickness. An
NAB molecular layer bonded to quartz through a Ti primer layer shows minimal
changes to its Raman spectrum following deposition of up to 100 nm of Au by

direct electron-beam deposition.
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2.5 Endnotes

A version of chapter Il has been published. Amr M. Mahmoud,
Adam J. Bergren, Richard L. McCreery, Analytical Chemistry 2009,
81, 6972.
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Chapter 3

Towards Integrated Molecular Electronic Devices:
Characterization of Molecular Layer Integrity during Fabrication
Processes

3.1 Introduction

Integration of electronic components into miniaturized platforms that can
accomplish targeted functions has led to the ubiquitous implementation of
integrated circuits (ICs). The low cost, high device density and ability to package
microchips and incorporate them into durable products has led to a thriving
semiconductor industry with sales exceeding $225 billion (USD) in 2009. This
level of success relies largely on the ability to fabricate the electronic circuits in a
highly parallel fashion. The performance of the various electronic devices is also
linked to density: the ability to fit an ever larger number of transistors in a given
area leads to increased computing power, larger memory capacities, etc. However,
it has been long recognized that Moore’s law cannot be continued indefinitely: the
actual size of a single device will approach nanoscopic and then molecular and
atomic scale dimensions. There is a high degree of uncertainty in the behaviour of
nanoscale devices, as the properties of such systems can deviate significantly
from those of bulk materials. For these reasons and others, there has been a strong
interest in the developing field of molecular electronics[1-7], which investigates
charge transport through molecules that are configured as circuit components. In

addition to serving as a guide for understanding the electronic behaviour of
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molecules, there is also the possibility of using the electronic properties of the
molecules themselves in new and interesting ways. Thus, the development of
molecular electronic devices may result in enhancements in performance or
functions that are not possible with current semiconductor technology.

For any embodiment of molecular electronics to serve a real-world
function, integration of molecular and semiconductor devices is essential.
However, conventional semiconductor processing often involves the use of harsh
fabrication conditions that are acceptable for inorganic materials, but pose
potential problems for the “soft” organic molecules used in molecular devices.
Thus, any practical molecular electronics platform must be amenable to the
necessary procedures required to produce a fully integrated electronic chip. To
this end, there are two possibilities: 1. integration of molecular devices into a
hybrid circuit composed of both the molecular device and traditional
semiconductor-based circuits, and, 2. the production of a fully molecular circuit in
a massively parallel fashion. In either case, there are numerous fundamental
issues that require investigation. In the case of a hybrid chip consisting of both
traditional and molecular devices, it is critical to ensure that the molecular device
can withstand the conditions required for integration.

Various platforms have been developed to study the electrical
characteristics and charge transport mechanism in molecular junctions[8-12]. In
many cases, these studies have greatly contributed to our understanding of charge
transport in molecular devices, but are currently limited to research labs. For

example, liquid metal top contacts[8, 13-15] and STM[9] or AFM tips[12] have
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been used to avoid the harsh conditions associated with vapour deposition of
metallic contacts. These techniques have enabled the construction of molecular
junctions using labile molecular self-assemblies, but are not readily adaptable to
massively parallel fabrication. In order to overcome these limitations, a method
using conducting polymer top contacts that is capable of producing devices based
on Au/thiol self assembled monolayers (SAM) on a massively parallel scale (i.e.,
20,000 molecular junctions on one wafer) has been demonstrated[10]. However,
SAM-based devices have limited thermal stability. In two different studies, the
upper limit of the temperature process window of SAM-based molecular junctions
on gold and Si has been determined to be 50 °C and 100 °C, respectively[16, 17].
Another critical requirement is making contact with the molecular layers without
inducing structural damage. Various techniques for avoiding damage to SAM-
based devices have been published[4, 18] and numerous reports exist that discuss
post-deposition damage to molecular layers[19-22].

Our research group has pursued an alternative approach for junction
fabrication that relies on covalent modification of carbon electrodes through the
electrochemical reduction of aryl diazonium salts[11, 14, 23-27]. There are
several advantages to this method: the layers are anchored by a carbon-carbon
bond that is much stronger (~3.5 eV) than Au-S linkages (~1.9 eV)[3], the
thickness can be controlled in the 1-5 nm range by changing the conditions during
the electrochemical reduction step[24, 28-30], and a variety of aromatic structures
can be accommodated[11]. To complete the circuit, metallic copper[11, 23, 27,

31] is deposited to form a cross-junction through direct electron-beam
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evaporation. These devices display yields exceeding 90% and have excellent
reproducibility. In addition, they survive at least 10° potential cycles in ambient
air[24], and they are scalable (i.e., the current scales with junction dimension
from at least 400 x 400 um to 16 x 16 um[32]).

In this chapter, we describe analytical techniques to investigate the
stability of diazonium-derived molecular layers on carbon undergoing various
fabrication procedures, including metal deposition, lithography, etching, and
temperature excursions. Several top contact metals were deposited using direct
electron beam evaporation, and the integrity of the molecular layer was
investigated by performing spectroscopic characterization through a partially
transparent support, as described in chapter 2. In addition, the molecular layer was
examined with Raman spectroscopy and X-ray photoelectron spectroscopy (XPS)
after removal of the top contact by etching with appropriate etchants for each
metal used. Using similar procedures, the layer integrity was investigated after
subjecting the samples to conditions that are commonly encountered in
semiconductor integration such as UV lithography and packaging procedures.

Finally, the thermal stability of finished molecular junctions was investigated.
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3.2 Experimental Section

Acetonitrile, acetone, and isopropanol (HPLC grade, Fischer Scientific)
were used as received. Water was purified by a Millipore system (18 MQ, < 3 ppb
TOC). 4-nitroazobenzene (NAB) 4'-diazonium tetrafluoroborate salt and 4-
trifluoromethylphenyl (TFMP) diazonium tetrafluoroborate salt were prepared as
described in detail elsewhere[33-35]. Diced Si/SiO, chips (18 x 15 mm? chips,
300 nm of thermally grown SiO;) were used as substrates for all experiments
except “back-side” Raman spectroscopy. In the later case, 25 x 25 x 0.22 mm?®
quartz microscope cover slips (Technical Glass Products, Inc.) were used as an
optically transparent support. Si/SiO, and Quartz (Q) substrates were cleaned by
sonication in acetone, isopropanol and finally ultrapure water for 10 minutes each,
and then dried in a directed stream of N,. Pyrolyzed photoresist film (PPF) was
prepared as outlined previously[11, 36]. Briefly, a positive photoresist (AZ
P4330-RS, AZ Electronic Materials, Somerville, NJ) was spun onto clean
substrates at 6000 rpm for 40 seconds (two coats) followed by soft baking at 90
°C for 15 minutes. The photoresist was then pyrolyzed by heating the samples in a
tube furnace to 1025 °C (held for 60 min) under a constant flow of forming gas
(5% H; in N, at 100 mL/min). For XPS and AFM analysis, a blanket sheet of PPF
was used. Optically transparent PPF (OTPPF) was prepared on quartz (Q) using
diluted photoresist (5% v/v photoresist in propylene glycol methyl ether acetate as
solvent)[37, 38]. For junction fabrication, PPF was patterned prior to pyrolysis

using standard photolithography: exposure to UV radiation for 120 s through a Cr
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photo-mask with 0.5 mm stripes followed by development with diluted (1:2) AZ
400K developer.

Electrochemical modification of both PPF and Q/OTPPF with either NAB
or TFMP diazonium salts were carried out using a 1 mM diazonium salt solution
in acetonitrile with 0.1 M tetrabutylammonium tetrafluoroborate (TBABF,) as the
supporting electrolyte. Surface modification was carried out using four cyclic
scans from +0.4 to -0.6 V versus Ag/Ag" at a sweep rate of 0.2 V s™. We reported
previously[11] that this procedure yields an NAB film with a thickness of 4.5 +
0.3 nm, as determined with an AFM “scratching” technique[28], and the same
NAB deposition conditions were used for all of the junctions reported herein.
TFMP was bonded to PPF using the same procedure for XPS samples, but the
molecular layer thickness was not verified independently. Following
modification, PPF/NAB and Q/OTPPF/NAB samples were rinsed with
acetonitrile and then dried in a directed stream of N,. Modified PPF substrates
were then transferred to an electron-beam evaporator (Kurt J. Lesker PVD75),
where various metals were deposited directly onto the surface of the molecular
layer. For metals other than Ti, the chamber was evacuated to ~ 2.2 x 10 Torr
before beginning deposition. For Ti, a lower pressure (2.2 x 107 Torr) was used to
minimize its oxidation with residual gases in the chamber. For junction
fabrication, metal was deposited through shadow mask (0.6 mm) oriented
perpendicular to PPF strips to result in a cross-bar junction. The deposition rate
was 3 A/s, except for Pt (0.1 A/s), and the metal thickness was measured by a

quartz crystal microbalance (QCM). Junctions are designated from bottom to top
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with the metal layer thicknesses in nm in parentheses. For example,
PPF/NAB/Cu(45) indicates a 4.5 nm NAB layer on 1-2 um thick PPF with a Cu
top contact 45 nm thick. In all cases where current-voltage behavior was
determined, the junction area was 3.0 x 10 cm?.

Electrical characterization of molecular junctions utilized a three- or four-
wire configuration[11, 23] where the top contact is the virtual ground, with the
drive voltage (Varive) applied to PPF (thus, all voltages reported herein indicate the
voltage of the PPF relative to the top contact). The third and fourth probes are
used to sense voltages on the PPF and top contact in order to compensate for
ohmic losses (iR drop) due to the resistances of the leads. Data collection was
done using a National Instruments 6111 or 6120 DAQ board controlled by
LabView software to execute voltage sweeps and record the resulting current after
amplification by an SRS 570 current amplifier.

Raman spectra were collected using a custom built spectrometer[39]
equipped with an Argon ion laser (514.5 nm), a 50 mm f/1.8 Nikon camera
collection lens, a 2000 groove/mm holographic reflection grating, and a back
scattering geometry that employs an Andor back-thinned charge-coupled device
(CCD) detector cooled to -80° C[40]. Incident power is ~19 mW and the signal is
integrated for 30 s (unless stated otherwise). In order to perform characterization
of NAB after metal deposition by XPS and AFM, the NAB molecular layer was
exposed through wet chemical etching of the top metal. 0.5 M FeCls, Kl/I,
solution (100 g KI + 25 g I, dissolved in 1L deionized H,0), and 5% w/w HF

were applied for a maximum of 10 s to etch Cu, Au, and Ti, respectively. The
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thermal stability of modified PPF was investigated by heating PPF/NAB in Ar gas
(Praxair 4.8 grade, 99.998% pure with O, < 0.5 ppm) or vacuum (~2 x 107 torr)
for 30 minutes (room temperature to 500 °C) followed by Raman spectroscopy.
Completed electronic junctions were heated under vacuum for 5 minutes at
temperatures ranging from 25 to 400 °C and then removed from vacuum and
tested at room temperature.

To study the compatibility of modified PPF with photolithographic
processes, a standard photoresist (HPR 504) was spun onto PPF/NAB and
PPF/TFMP samples at 4000 rpm for 40 seconds, followed by UV exposure for 3
seconds (365 nm and 404 nm, total intensity 65.3 mW/cm?), and developer
(Microposit 354). After developing, the sample was rinsed with deionized water
and dried in a stream of N,. Modified PPF samples were characterized by Raman
and XPS before and after this procedure. Finally, encapsulation of a separate set
of completed devices with parylene was carried out. First, the junction was wired
using silver epoxy so that the electrical properties could be probed before and
after coating with 0.3 pm parylene N (PDS-2010 LABCOTER® 2, Speciality
Coating System). To ensure effective encapsulation, the electrical characterization
was measured after immersing coated samples in water and 0.5 M FeCl3 solution

for 10 minutes.
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3.3 Results and Discussion

3.3.1 Electrical Characterization Using Different Top Contacts

Figure 3-1 shows current density-voltage (J-V) curves for PPF/NAB
junctions made using four different top metal contacts: Cu (blue curve), Au (red
curve), Ti (black curve), and Pt (green curve). There are significant differences
among junctions made with different metals. First, when Pt is used as the top
contact, the J-V response is linear and behaves similar to a short circuit with direct
metal to PPF contact, while all of the other curves show some degree of non-
linearity. Second, as shown in Figures 3-2 and 3-3, there are significant
differences in the reproducibility of the junctions made using Cu and Au. The
electrical behaviour of Cu devices has been shown in the past to depend on
molecular structure and molecular layer thickness[11, 23, 24]. In addition,
reproducibility is typically very high and yields exceed 90%][11, 24, 32]. The
present results are comparable to previous reports in terms of curve shape and
magnitude, yield, and reproducibility (the rsd for Jos v for 12 PPF/NAB/Cu
junctions is 12%). Furthermore, these results are similar to those obtained with
“soft” deposition through surface diffusion of copper on NAB molecular
layer[41]. However, the electrical behaviour of PPF/NAB/AuU junctions is less
reproducible than that of the Cu devices (Figure 3-3 shows the rsd for Josv is
~55% for Au devices). These results may be attributed to partial penetration of Au

into the NAB molecular layer as discussed below.
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Figure 3-1. J-V curves of Si/SiO,/PPF/NAB/metal junctions for four different top
metals contact (Cu, Au, Ti, and Pt). Scan rate 1000 V/s.
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Figure 3-2. The average J-V curve of 12 Si/SiO,/PPF/NAB/Cu(45) junctions
(black curve) with the error bar (x 1 standard deviation) shown.
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Figure 3-3. The average J-V curve of Ifz(gl?%iOzlPPF/NAB/Au(BO) junctions
(black curve) with the error bar (x 1 standard deviation) shown.

Third, Ti metal is a highly reactive species that can react with residual
gases in the evaporation chamber, forming, for example, titanium oxides[42-44]
which are less conductive than Ti metal. This leads to the junction conductance
being at least partially controlled by the oxidized Ti, complicating the analysis. In
addition, the highly reactive Ti metal can undergo reactions with the molecular
layer itself, possibly altering or destroying it[19, 21, 45]. In order to address these
various possibilities, we have determined the thermal stability of NAB
chemisorbed on PPF, determined the temperature rise at the location of the
substrate in the vacuum chamber during deposition, used spectroscopic
characterization through transparent supports to track any structural changes in
the molecular layer during fabrication processes, and used XPS and AFM to
characterize structural and morphological changes to the molecular layer after

removal of the top contact metals.
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3.3.2 Temperature Stability of NAB on PPF

In order to determine the thermal stability of a diazonium-derived
molecular layer on carbon, a sample of PPF/NAB was heated to 400 °C in
vacuum (~2 x 10°® torr) for 30 minutes. Figure 3-4 shows Raman spectra for this
sample before and after heating, and Table 3-1 lists the relative peak intensities.
The absence of a significant change in absolute or relative Raman intensities
indicates that no observable structural change occurred at 400 °C for 30 minutes
in vacuum. This indicates that any procedure that results in a temperature rise of
~400 °C or less in vacuum is not expected to cause thermally-induced damage to

an NAB layer bonded to PPF.

3000 ~ PPF/NAB
heated 30 min

2500 A PPF/NAB
n, at 400 °C
2 2000 -
A
Q 1500 A

1000 -

500 ] 1 I I I 1 I

600 800 1000 1200 1400 1600 1800
Raman Shift (cm™)

Figure 3-4. Raman Spectra for PPF/NAB before (red curve), and after (blue
curve) heating for 30 minutes to 400 °C in a ~ 2 x10° torr vacuum.
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Raman Peak Ratio Initially Peak Ratio after Heating
peak(cm™) Relative to Raman Peak | Relative to Raman Peak at
at 1600 cm™ 1600 cm™
1140 1.32 1.39
1339 0.77 0.95
1401 0.83 0.72
1450 1.22 1.33

Table 3-1. Ratio of Raman peaks heights relative to the Raman peak height at
1600 cm™ of PPF/NAB sample initially and after heating the sample to 400 °C in
vacuum (~2 x 107 torr).

While stability may vary with molecular structure, the current results
indicate that the surface C-C bond of diazonium-derived adlayers on PPF is stable
to > 400 °C in vacuum. However, we note that the NAB film is less stable in an
Argon atmosphere than in vacuum, with changes in the Raman spectrum
observable above 250 °C as shown in Figure 3-5. The structural changes in Ar are
presumably due to Ar collisions with the NAB surface or reactions with residual
oxygen in the Ar atmosphere. These results are consistent with those of Toupin

and Belanger[46], who reported thermal stability of similar molecular layers up to

250-500 °C, depending on atmosphere and exposure time.
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Figure 3-5. Raman Spectra of Si/SiO,/PPF/NAB after heating the sample for 30
min in Ar gas for the indicated temperature.
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3.3.3 Spectroscopic Characterization of Molecular Layer Integrity

Chapter 2 described “backside” Raman spectroscopy to investigate the
integrity of an NAB molecular layer on an ultrathin titanium primer layer
supported on quartz after deposition of Au and Ag metals[47]. Here we apply the
same method, but use partially transparent PPF on quartz to more closely replicate
conditions in PPF/molecule/metal molecular junctions. This approach enables a
direct correlation between Raman characterization and electrical measurements,
since the latter are carried out using thick PPF films as the substrate. Figure 3-6
shows the Raman spectra of Q/OTPPF/NAB initially (red curves) and after
deposition of four different top metal contacts: Cu (A), Au (B), Ti (C) and Pt (D),
and intensity changes are tabulated in Table 3-2. Peak assignments and vibrational
analysis of NAB bonded to carbon surfaces has been reported previously[43, 48,
49]. Analysis of Figure 3-6 shows that deposition of both Cu and Au has minimal

effects on the Raman spectrum for NAB.
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Figure 3-6. “Backside” Raman Spectra of Q/OTPPF/NAB before (red curves)
and after (blue curves) deposition of the indicated thickness (in nm) of Cu (A),
Au(B), Ti(C) and Pt (D).
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Top Metal | % reduction in | Initial 1402/1450 cm™
Contact Raman peak | 1402/1450 cm™ | intensity ratio after
height 1600 cm™ | intensity ratio metal deposition

Cu (45) 9.8% 0.86 0.77
Au (30) 3.6% 0.88 0.74
Ti (45) 63% 0.92 0.89
Pt (30) 61% 0.92 0.92

Table 3-2. The reduction of Raman peak intensity at 1600 cm™ and the ratios for
1402/1450 cm™ (azo stretches) before and after top contact deposition for
PPF/NAB samples.

Although the change in optical geometry accompanying metal deposition
makes intensity comparisons semi-quantitative, it is clear that Ti and Pt have a
much greater effect on the NAB spectrum than Au and Cu. In addition, Raman
spectra obtained for Au, Cu, and Ti after removal of the top contact metal by
etching show minor changes in the case of Au and Cu compared to the
unmetallized samples, but nearly complete loss of the spectrum for Ti as shown in
Figure 3-7. This result indicates that some structural changes and/or a decrease in
the surface coverage of NAB molecules occurred during Ti and Pt deposition. The
melting points of Pt and Ti are significantly higher than those of Au and Cu, and
the higher resulting target temperature may be responsible for greater damage to

the molecular layer during Pt and Ti deposition.
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Figure 3-7. Raman Spectra of Si/SiO,/PPF/NAB initially and after etching
Cu(45) Au(30), and Ti(45).

In the case of Ti, the effect observed in Figure 3-6 is larger than that
reported previously[44], due to the significantly greater thickness of Ti in the
current case (45 nm compared to 1-3 nm). In any case, it is clear that Ti metal
must be used with caution, as it is possible that this reactive metal can cause
damage to the molecular layer[19, 21]. The larger effect of Pt on the NAB layer
compared to Cu and Au likely results from the heat released during condensation
of the metal on the molecular layer surface. The Pt heat of evaporation (AHyap
509.9 kJ/mol = 5.28 eV) is higher than Au (AHyap 341.9 kJ/mol = 3.46 eV) and Cu
(AHvap 304.3 kd/mol = 3.15 eV)[50]. Thus, it is possible that Pt deposition on the
molecular layer results in significantly greater local heating from Pt condensation
compared to Cu and Au. Recalling that PPF/NAB/Pt junctions behave as short

circuits (i.e., a linear J-V curve is observed without any signature from the
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molecule), the results in Figure 3-6 indicate that Pt deposition causes enough
damage to result in direct PPF-Pt contact. To provide further insight into the
mechanism for damage to the molecular layer, we have obtained Raman and XPS
spectra of molecular layers after removal of the metal top contact using etchants
appropriate for each metal.

Figure 3-8 shows high-resolution XPS spectra of the Nis region for
samples of PPF/NAB obtained before metal deposition (red curves) and after
removing the metal with a chemical etch (black curves). Also shown are the
spectra obtained after PPF/NAB (non-metallized) is exposed to the wet etching
procedure for each case (blue curves). The blue spectra indicate that any spectral
changes detected upon metal etching originate from metal deposition and are not
artefacts of the wet etching process. Note that spectra are shown for Au, Cu, and
Ti, as etching of these metals is straightforward. However, in the case of Pt metal,
the etching procedure is considerably more aggressive and was not attempted. In
each of the three cases where metal was removed by etching, residual metal was

undetected by XPS indicating < 1 atom % remaining on the surface.
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Figure 3-8. High-resolution XPS spectra of Njs region for three samples of
Si/SiO,/PPF/NAB. The red spectra were obtained before treatment, the black
spectra after metal deposition and etching and the blue spectra after immersion of
Si/SiO,/PPF/NAB samples in etchant solution without metal deposition. (A) Cu
(45 nm) and etchant FeClz; (B) Au (30 nm) and etchant Kl/I, ;(C) Ti (45 nm) and
etchant HF.
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The Nis region of the NAB spectrum is composed of two peaks: one
centered at 400.2 eV, corresponding to the azo group, and a second peak at 405.9
eV, corresponding to the nitro group. The similarity of the red and blue spectra in
Figure 3-8 indicates that wet etching processes (with FeCls, KI/lI, and HF) by
themselves affect neither the ratio nor the intensity of the two Nis peaks. This
result also indicates good chemical stability of the covalently bonded layer, as
reported previously[51]. Table 3-3 presents a summary of the XPS atomic N/C

ratio for both the azo (400.2 eV) and nitro (405.9 eV) peaks before and after metal

etching.
N/C of N 400.2 eV (azo) N/C of N 405.9 eV (nitro)
Metal Initially After metal Initially After metal
etch etch
Cu 0.10 0.11 0.058 0.033
Au 0.11 0.10 0.057 0.045
Ti 0.12 0.03 0.068 0.002

Table 3-3. XPS atomic ratios of N;s of NAB molecular layer on PPF substrate
initially and after deposition and etching of the metal top contact.

Direct evaporation of Cu (45 nm) onto NAB (black curve in Figure 3-8A)
does not measurably affect the azo group of NAB molecules (the Nyo2/C ratio is
0.10 before and 0.11 after). However, the nitro peak (405.9 eV) undergoes a
decrease (the N4gs59/C ratio is 0.058 before and 0.033 after). This reduction in the
peak intensity may be attributed to either reduction of the nitro group by Cu

deposition[43, 49] or loss of peripheral nitro groups. For the case of Au
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deposition on PPF/NAB, there is minimal change in the N/C ratio or the relative
intensities of the 400 and 406 eV Ny peaks. Finally, Figure 3-8C shows the effect
of Ti deposition on NAB. In this case, comparison of the spectrum after removal
the Ti overlayer to that before deposition of Ti shows that the peak associated
with the nitro group is dramatically affected. The Na4gs9/C ratio decreases from
0.068 to 0.002, indicating nearly complete loss of the nitro group. In addition, the
N4002/C ratio diminished by more than 75%. Although a Ti-N bond appearing at
397 eV has been reported after deposition of Ti onto PPF/NAB sample[43], in the
current case, the HF etch removed all titanium from the surface (no Ti XPS peaks
were observed). As discussed above, Raman spectra were also obtained after
removal of top contact metals as shown in Figure 3-7 to ensure optical artefacts
with the metal overlayer present do not affect the spectra. It is striking to note that
the molecular signature of NAB is absent from the surface after etching Ti,
consistent with XPS data indicating the near total loss of the NAB structure.
Combining the Raman and XPS results on the etched surfaces, we conclude that
direct e-beam deposition of Cu and Au do not cause destruction of the NAB film,
while Pt and Ti deposition cause substantial structural changes. In the case of Ti,
it is likely that the reactivity of the Ti metal during evaporation results in damage
through titanium carbide (and possibly other) bond formation. When the Ti metal
is etched, the molecule is removed from the surface along with any Ti metal. For
the case of Pt metal, it is likely that the heat released during condensation of the

metal on the molecular layer results in local heating that is sufficient to disrupt
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some of the chemical bonds present, but does not entirely remove the layer from

the surface.

3.3.4 Evaluation of Sample Morphology
Although Au and Cu caused minimal changes in Raman and XPS spectra
of the NAB layer, it is possible that their deposition causes morphological
changes. We investigated the film morphology with AFM after etching of Cu and
Au. PPF/NAB surfaces before metal deposition were smooth, with no visual
variations across a several um? area (5 x 5 um?) and an rms roughness value
similar to underivatized PPF ~0.46 nm over an area of 5 x 5 um?, shown in Figure

3-9.
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Figure 3-9. 5 um x 5 um Tapping mode AFM images of (A) PPF (rms ~ 0.44

nm) and (B) PPF/NAB (rms ~ 0.46 nm).
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Figure 3-10 shows AFM images of PPF/NAB after deposition and etching
of 45 nm of Cu or Au, using the same parameters as those for junction
preparation. Figure 3-10A shows that deposition and removal of Cu metal had
minor effects on the appearance of the AFM image over 5 x 5 um’ area, and an
insignificant change in surface roughness to 0.47 + 0.03 nm. However, after
deposition and etching of Au, the rms roughness of the molecular layer over 5 x 5
um’ area was more than doubled to 1.12 + 0.37 nm, and the AFM image was

noticeably different (Figure 3-10B).

10 nm

i

3nm

: ‘ ' ' " sumo0 ' ' " sum
Figure 3-10. AFM scan over 5 x 5 pum’ area of PPF/NAB surface with
corresponding line scans after etching the top metal; (A) top metal was Cu while

(B) top metal was Au. Roughness (rms) for Cu case: 0.47 nm, and for Au: 1.12
nm.
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A control experiment in which an uncoated PPF/NAB sample was
subjected to the etchant used to remove Au showed no changes in roughness or
morphology over 5 x 5 pm? area as shown in Figure 3-11. Together with the
higher currents observed for PPF/NAB/Au junctions compared to PPF/NAB/Cu
devices, the AFM results in Figure 3-10 imply that Au partially penetrates the

NAB molecular layer while Cu does not.
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Figure 3-11. Tapping mode AFM scan of Si/SiO,/PPF/NAB after immersion in
Au etchant (KI/1,) for 60 seconds, the scanned area is 5 um x 5um and rms ~ 0.37
nm.

Since both Raman and XPS results indicate that Au does not cause
structural damage to the NAB film observable by these techniques, these results
imply that Au penetrates the molecular layer during deposition without

widespread damage to the molecular structure. The surface energy for Cu is
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higher than that of Au[52], and we have reported previously that there is evidence
from Raman and XPS that Cu interacts with the nitro group of NAB, while Au
does not[53]. It is possible that the lower enthalpy of interaction of Au with
aromatic molecules is insufficient to compensate the entropy increase associated
with partial penetration of Au into the molecular layer. Thus, Cu appears to be the
best choice for direct deposition of a top contact metal that will not disrupt the

molecular layer, nor penetrate significantly into the molecular layer.

3.3.5 Thermal Stability of finished molecular junctions

In order to determine the temperature window that a completed
PPF/NAB/Cu device can withstand, we have temperature-treated junctions in a
vacuum environment. It should be noted that previous report demonstrates that
PPF/NAB/Cu junctions are functional over wide temperature range (5 to 300 K)
with no observable changes in J-V behaviour[24]. Figure 3-12 shows a series of
J-V curves obtained after heat treatments of complete PPF/NAB/Cu devices. In
each case, the sample was heated to the stated temperature for 5 minutes in
vacuum, and then removed from the chamber and cooled to room temperature
before testing. While there are no significant changes up to 190 °C, the
conductance begins to increase at higher temperatures. After heating at 400 °C,
the junction is ~33 times more conductive at 0.2 V. We reported recently that
microfabricated carbon/NAB/Cu/Au junctions exhibited an irreversible slow
conductance increase of 50% during 20 hours at 150 °C in vacuum, and were then

stable for at least another 24 hours at 150 °C[32].
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Figure 3-12. J-V curves of a single Si/SiO,/PPF/NAB/Cu(45) junction heated in
vacuum (~ 2 x 107 torr) to progressively higher temperature for 5 minutes at each
temperature. Samples were cooled in air before obtaining each J-V curve.

Since a PPF/NAB sample without a top contact was shown to survive
temperatures of 400 °C in the same vacuum environment (Figure 3-4), there are
several possible explanations for the increase in junction conductance after
thermal treatments in the 200-400 °C range. First, annealing of the Cu top contact
could reorder the Cu atoms, leading to an increase of the effective contact area of
the junction[11]. Second, a chemical reaction between the Cu and the NAB at
elevated temperature could also alter junction conductance. Finally, although the
molecular layer is expected to remain intact (see Figure 3-4), penetration of Cu
atoms due to their increased mobility at higher temperature is possible. In any
case, it is clear that completed devices can survive temperature excursions to
~200 °C without large conductance changes, and that the molecular layer is stable

beyond 400 °C. This level of temperature stability is significantly beyond that of

all known molecular junctions demonstrated to date.
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3.3.6 Compatibility with Photolithography

Conventional photolithographic processing can involve harsh chemical
treatments and significant UV radiation. Although this process is compatible with
inorganic materials, the integration of “soft” organic molecules with lithographic
processes is more challenging since many materials can undergo photo-
degradation during the UV exposure[54-56], chemical reactions with resist
components, and possible removal by solvents and developers. Recently we
showed that a diazonium-derived molecular layer on titanium withstands
sonication in acetone and acetonitrile, as well as 60 minutes in boiling water or 30
minutes in 0.1 M aqueous acid or base[47]. In the current work, PPF/NAB
samples were exposed to the photolithographic process of resist application/UV
exposure/developing described in “experimental”. Figure 3-13 shows Raman
spectra for Si/SiO,/PPF/NAB before and after a complete photolithographic
process. The absence of changes in the spectrum for NAB indicates that this
molecule is compatible with the photolithographic reagents and processing.

In addition, diazonium-derived trifluoromethylphenyl (TFMP) on PPF was
also tested using XPS as a diagnostic and no change in the F/C ratio was observed

after the photolithography process as shown in Figure 3-14.
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Figure 3-13. Raman Spectra of Si/SiO,/PPF/NAB before (blue curve) and after
(red curve) a complete photolithographic process (spin photoresist, UV exposure
and development).
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Figure 3-14. High-resolution XPS spectra of F1s region of Si/SiO,/PPF/TFMP-4
as before (red curve), and after (blue curve) complete photolithographic process,
F/C ratio initially = 0.0865 and after photolithography = 0.0862.
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3.3.7 Sealing with parylene

Pyrolysis of the precursor di-p-xylylene at 600 °C under vacuum leads to
dimer decomposition and production of gas-phase p-xylylene monomers. The p-
xylylene monomers subsequently polymerize to parylene N (poly (p-xylylene)) on
the sample surface, to produce a transparent hydrophobic film. The chamber
maintains a sample temperature of ~ 30 °C[57]. As such, parylene N has been
used as protective layer for microelectronics applications due to its low gas and
water permeability, high melting point[58], and hydrophobicity. In addition, it has
good optical transparency[58] and a low dielectric constant[59]. Figure 3-15A
shows J-V curves of a PPF/NAB(4.5)/Cu junction initially and after deposition of
0.3 um parylene N. No significant changes in electronic behaviour occurred
during parylene deposition, as expected, since the molecular junction is protected
by the Cu top contact and the conditions during deposition are quite mild.

The effectiveness of parylene N as a barrier against moisture and chemical
agents was investigated. The J-V curves shown in Figure 3-15B were obtained
before and after immersion of a parylene-N coated PPF/NAB/Cu junction in 0.5
M FeClz in water. Without the parylene coating, the FeCls solution completely
removed the Cu contact within 10 seconds, as described in section 3.3.3 above.
As shown in Figure 3-15B, a 10 minute immersion in FeCl; had no effect on the

electronic response of the parylene coated junction.
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Figure 3-15. (A) Electrical characterization of Si/SiO,/PPF/NAB/Cu junction
before and after encapsulation with 0.3 um parylene N. (B) J-V characteristic of
parylene N coated Si/SiO,/PPF/NAB-4/Cu junction and after immersion in 0.5 M
FeCls solution for 10 minutes.
The sample could also be immersed in water for 10 minutes as shown in
Figure 3-16 behaving normally without any change in electrical properties. These

results indicate that parylene-N forms an excellent barrier to water and aqueous

reagents, and that the molecular junctions are unaffected by parylene deposition.
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Figure 3-16. J-V curve of Si/SiO2/PPF/NAB/Cu(45) junction encapsulated with
0.3 um parylene N and immersed in water for 10 minutes.
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3.4 Summary

Taken together, the results herein establish several acceptable processing
parameters for molecular electronic devices based on diazonium-modified carbon
substrates. The strong carbon-carbon surface bond permits heating to at least 400
°C in vacuum without breaking the surface-molecule covalent bond, or detectable
perturbation of the molecular structure. In addition, irreversible bonding permits
direct e-beam deposition of Cu and Au on diazonium-derived molecular layers
without observable damage to the molecular structure, nor the formation of
carbon/metal short circuits. Metal penetration has been a significant problem with
Langmuir-Blodgett and Au/thiol monolayers, with direct vapor deposition often
resulting in short circuits[4, 18, 20, 22, 60, 61]. Although these approaches
benefit from ordering of molecules into a 2-dimensional crystal, that ordering
requires a labile molecule/surface bond in order to equilibrate to a low energy
ordered state[3]. Diazonium modification of carbon sacrifices some ordering to
ensure irreversible bonding to the surface[3] and its associated thermal and
chemical stability. Unlike Au and Cu, direct Ti and Pt deposition cause significant
changes to the molecular layer, due to the reactivity of Ti and the high heat of
condensation of Pt. The reproducibility of carbon/NAB/Cu devices was
significantly better than carbon/NAB/Au, and the cause was revealed by AFM of
the molecular layers after removing the metal by chemical etching. Cu had no
observable effect on the surface of the molecular layer, while Au caused a
significant increase in roughness, presumably caused by partial Au penetration

into the film.
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No observable changes in NAB layers derived from diazonium reduction
on carbon were observed by XPS or Raman spectroscopy following exposure to
FeCls, 15/Kl, or HF solutions in water, or from temperature excursions to 400 °C
in vacuum. Finished devices could be heated to 250 °C without major changes in
electronic properties, and sealing with parylene protected the devices from at least
10 minutes of exposure to water or FeCl; solution. PPF/NAB can be subjected to
a complete resist/exposure/develop photolithography cycle with no apparent
changes to the Raman spectrum, implying structural integrity throughout the
process.

While there are many more requirements which much be met for
integration of molecular devices with conventional microelectronics, the current
work extends the temperature range and acceptable processing steps significantly.
We demonstrated recently that the diazonium route to molecular junctions is
compatible with microfabrication techniques, with high yield and good

reproducibility[32].

135



3.5 Endnotes

A version of chapter Il1 has been published. Amr M. Mahmoud,
Adam J. Bergren, Nikola Pekas, Richard L. McCreery, Advanced

Functional Materials 2011, 21(12), 2273-2281.
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Chapter 4

Charge Transfer within Molecular Electronic Junctions based on
Si(111) / Aromatic Molecular Layer and Cu Top Contact

4.1 Introduction

One target of studying molecular electronics junctions is the incorporation
of organic molecules into electronics devices between two electrodes, this
incorporation allows exploitation of organic molecules’ intrinsic properties to
tune charge transfer within molecular electronics devices. Understanding the
mechanism of charge transfer is a crucial step for rational design and fabrication
of molecular electronic devices with pre-determined electrical characteristics.
There are various experimental methods to study how molecular layer structure
affects charge transfer through molecular electronic junctions, such as systematic
variation of molecular layer thickness by multilayer formation or using
homologous series of organic molecules [1-6]. Another method is changing the
molecular layer while the contacts remain constant[1] or changing the bond
between the contacts and molecular layer[3, 7-12]. In addition, effect of contact
electrode was studied by changing the top contacts of the molecular junction
keeping the same molecular layer[3, 13, 14].

As described in previous chapters, PPF/molecule/Cu molecular junctions
permit evaluation of the electronic behavior of various molecules acting as active

components in an electronic circuit. The Cu top contact produces junctions that
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are reproducible[1, 15, 16], thermally stable[13, 17], scalable[18] and the yield is
high[1, 16, 18] and without evidence of damage to the organic molecular
layer[17]. Quantum tunneling is the proposed charge transfer mechanism within
PPF/molecule/Cu junctions and the tunneling barrier height is the energy
difference between the contact Fermi level and the highest occupied molecular
orbital HOMO of the molecular layer[15, 19]. To gain more information about
charge transfer, PPF/molecular layer junctions were fabricated using different top
contacts. Carbon[13], amorphous Si deposited by electron beam evaporator[14],
Au and Pt deposited by a diffusion mediated method[20] were used as top
contacts to fabricate the junctions and compared to PPF/molecular layer/Cu
junctions.

In this chapter, molecular junctions with the PPF electrode replaced by Si
are described. Molecular electronic devices based on a Si substrate were
fabricated in order to study the effect of substrate composition on conduction
through the molecular layer. Both n- and p- type Si samples were used as
substrates in order to evaluate the effect of majority charge carriers (electrons or
holes) on transport. Furthermore, the Fermi energy of the Si substrate can be
manipulated by controlling the doping level, presumably without disturbing the
Si/molecule interface.

Silicon has been used previously as a substrate electrode for fabrication
and study of molecular electronic junctions. The Si(100) and Si(111) surfaces are
commonly used to fabricate molecular junctions[7, 21], since they are readily

prepared from bulk silicon. Upon wet etching of the native silicon oxide, Si(111)
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produces atomically flat surface while Si(100) produces a rougher surface.
Furthermore, modified Si(111) surfaces have a more dense molecular layer and
higher coverage than modified Si(100)[22-24]. There are various chemical
methods to modify the silicon surface to form stable Si-C bond. For example,
molecular electronic junctions based on Si modified by aromatic molecular
layer[25-31] and modified by alkane and alkene molecular layers have been
fabricated. In addition, molecular electronic junctions with Si- thiol[32] or Si-O-C
bond were investigated[7, 33].

The doping level of Si is expected to be a crucial factor that contributes to
the junction’s electrical behavior[34]. For moderately doped Si substrate, the
semiconductor characteristics predominate and the junction behaves as a Schottky
diode, with the molecular layers having negligible effect on modulating the
Schottky barrier[35, 36]. For heavily doped Si, molecular layer characteristics
should dominate the junction behavior and changes in the molecule thickness
affect conduction[30]. In the current research, heavily doped Si substrates were
used to minimize the semiconductor properties of the substrate. Of particular
interest is the comparison of Si-based molecular junctions to those made with

carbon (PPF), and how the majority carrier in the Si affects electronic behavior.
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4.2 Experimental Section
4.2.1 Materials and reagents

Acetonitrile, acetone and isopropanol (HPLC grade, Fischer Scientific),
buffer oxide etch (BOE) (40% NH4F/49% HF 10:1, CMOS grade J. T. Baker),
40% NH4F and tetrabutylammonium hexafluorophosphate (TBAHFP, from
Sigma-Aldrich) were used as received. . Heavily doped p-Si (B doped, orientation
111) and n-Si (As doped, orientation 111) wafers both have a resistivity of ~
0.001-0.005 Q.cm (purchased from EI-Cat inc.), nitroazobenzene diazonium salt

(NAB DS) was prepared as described previously[37-39].

4.2.2 Junction Fabrication and Surface Characterization

4.2.2.1 Sample Cleaning and Au Contact Pad Deposition

Scheme 4.1 summarizes the fabrication steps of the Si/Molecular
layer/Cu/Au junctions. First, the Si(111) sample wafers were cleaned with piranha
solution (3:1 H,SO4/H,0,) for 15 minutes. Then, 250-300 nm of oxide layer was
grown thermally to avoid residual polishing damage as discussed previously[40,
41]. In addition, it has been reported that the structure of the H-terminated Si
depends strongly on the nature of the initial silicon/oxide interfacial layer, where
thermal oxides lead to flatter surfaces[42]. The smoothness of H-terminated Si
surface was found to greatly affect molecular junctions’ reproducibility, as
described below. Moreover, the thermal oxide serves as the insulator between the

Si bottom electrode and Cu/Au top contact in regions outside the junction area.
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The wafers were diced into pieces of 18 x 13 mm? after being coated with
photoresist to protect Si surface from scratches. To make ohmic contact with Si
surface, Au contact pads were deposited on H-terminated Si surface as follows:
the samples were cleaned with piranha solution for 15 minutes and then contact
pad area (500 x 500 pm?®) was defined by conventional photolithography. A
positive photoresist AZ P4330-RS was spin-coated on the samples at a speed of
500 rpm for 10 seconds followed by 6000 rpm for 60 s, and soft baked on a
hotplate at 110 °C for 180 seconds in air. A Quintel Q-4000 mask aligner was
used to expose the photoresist to UV radiation using pressure contact mode. After
that, samples were exposed to UV for 10 seconds, the photoresist was developed
in a mixture of AZ400K developer and deionized water (1:3 v/v). Finally, samples
were rinsed with deionized water and dried with N,. The samples were immersed
in BOE (etch rate of thermal oxide was 50 nm/minute) until thermal oxide was
etched. Then samples were transferred directly to a Johnsen Ultravac electron-
beam evaporator where 50 nm of Au was deposited under vacuum (deposition
rate 3 A/s, vacuum pressure 2.4 x 107 torr). Finally, the samples were immersed
in acetone, and then isopropanol 5 minutes each to lift off the photoresist and

samples cleaned were with piranha and rinsed copiously with de-ionized water.
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Scheme 4.1. Fabrication steps of Si(111)/molecular layer/Cu/Au junctions and the

bottom right is an optical image (magnified x10) of the finished device (not drawn

to scale).

4.2.2.2 Flat H-terminated Si Surface Preparation and Electrochemical
Modification
The Junction area (100 x 100 pm?) was defined by another
photolithographic process following steps described above. The thermally grown
silicon oxide was stripped by BOE, then atomically smooth H-terminated Si was
obtained by immersion of the samples for 6 minutes in 40% NH;F[40]
(previously degassed with Ar for 30 min). Then samples were cleaned with
acetone, IPA and de-ionized water to remove the photoresist. Covalent

modification of freshly prepared hydrogen-terminated Si samples was performed
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using cyclic voltammetry in 3 electrode configuration. The working electrode was
an H-terminated Si sample that was contacted by the Au pads. The reference
electrode was Ag/Ag® in acetonitrile, and a Pt wire was the counter electrode.
Samples were immersed in acetonitrile solution of 1 mM of NAB diazonium salt
and 0.1 M of TBAHFP as supporting electrolyte. Then a voltage sweep was
applied (from 400 to -1000 mV vs. Ag/Ag*) with four voltammetric cycles and
scan rate was 200 mV/s. Cyclic voltammetry of p-Si(111)/NAB in NAB
diazonium ion solution is shown in Figure 4.1. After voltammetry, the samples

cleaned with acetonitrile and dried under N» stream.

le-3 -
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6e-4
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2e-4 -
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04 02 00 -02 -04 -06 -0.8 -1.0

V(Vvs Ag/Ag)
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Figure 4.1. Cyclic voltammetry of H-terminated p-Si(111) modified in 1 mM
NAB DS in acetonitrile solution and 0.1 M tetrabutylammonium hexafluoro-
phosphate as supporting electrolyte, 4 cycles were done. Ag/Ag™ in acetonitrile is
used as reference electrode and Pt wire as counter electrode.
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4.2.2.3 Top Metal Deposition and Junction Electrical Characterization
Freshly modified SI/NAB samples were transferred to an e-beam
evaporator (Kurt J. Lesker, PVD75) and top metal contact deposition performed
under vacuum pressure (2.2 x 107 torr) through a metal shadow mask. Top metal
contacts were Cu 30 nm followed by Au 15 nm as measured by quartz crystal
microbalance (QCM); deposition rate were 1 A/s and 2 A /s respectively.
Electrical characterization of SI/NAB/Cu/Au junctions was performed in
ambient atmosphere and room temperature, using a three-wire configuration
where the top metal contact was the virtual ground, with the drive voltage (Vrive)
applied to Si through Au contact pad (thus, all voltages reported herein indicate
the voltage of the Si relative to the top contact). The third probe was used to sense
voltage on Si to compensate for ohmic loss (iR drop). Data collection was done
using a National Instruments 6111 or 6120 DAQ board controlled by LabView
software to execute voltage sweeps and record the resulting current after
amplification by an SRS 570 current amplifier. The voltage sweep was 1000
V/Sec unless indicated otherwise. In addition, a Keithley 2602A sourcemeter in 2
wires configuration was used to measure the Au/Si(111)/Au contact pad
resistance as shown in Figure 4.2. Si/Molecule/Cu junctions were compared to
pyrolyzed photoresist film (PPF) molecular junctions’ data published in the

literature[15].
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Figure 4.2. i-V curve of Au contact pad/Si(111)/Au contact pad measured in 2
wire configuration.

4.2.2.4 Surface Characterization

Samples for surface characterization were prepared as discussed above
except that deposition of Au contact pad and photolithography steps were omitted.
The morphology of H-terminated Si and modified Si surfaces was studied by
tapping mode atomic force microscopy (AFM). The thickness of NAB molecular
layer on Si substrate was determined by AFM scratching of the molecular layer
by AFM tip in contact mode as described previously in detail[43]. Raman
Spectroscopy was used to detect the NAB molecular layer covalently attached to
the surface during electrochemical modification of Si samples. Raman spectra
were collected using a custom built spectrometer equipped with an Argon ion
laser (514.5 nm), and a back scattering geometry that employs an Andor back-
thinned charge-coupled device (CCD) detector cooled to -80° C as described
previously[44]. The incident power on the sample was ~19 mW and the signal
was integrated for 240 seconds. H-terminated Si and modified Si Samples were
characterized by X-ray photoelectron spectroscopy (XPS) to obtain information

about elemental composition of the surface and electronic structure of the core
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energy levels. Ultra-violet photoelectron spectroscopy (UPS) was used to explore
the electronic structure of H-terminated and modified Si samples. The samples for
XPS and UPS were loaded in the analysis chamber within 15 minutes of
preparation and transferred under vacuum to minimize any oxidation by
atmosphere. For UPS measurements, a helium | (21.2 eV) light source was used
to excite the electrons. During UPS analysis, -5 V bias was applied to the samples

in order to enable collection of data near the secondary electron cutoff.
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4.3 Results and Discussion

4.3.1 Surface Characterization

4.3.1.1 Atomic Force Microscopy

To confirm the preparation of flat H-terminated Si (111) surfaces, samples
were scanned by AFM tapping mode. Figure 4.3 and 4.4 show AFM scans of the
freshly prepared H-terminated Si surfaces of p- and n- Si(111) respectively. The
root mean square (rms) roughness was 0.15 nm for p-Si(111) over a scan area 2 x
2 um?, while for n-Si(111) it was 0.1 nm over 5 x 5 um? area. That roughness is
comparable to the roughness for Si(111) reported in the literature (0.15 nm over 1
um? area)[7, 34]. Figure 4.5 is an AFM scan of n-Si (111) modified with NAB
prepared by 4 voltammetric cycles. The rms roughness was 0.3 nm, which is

comparable to that observed for PPF/NAB surfaces (~0.46 nm)[43].

[ Measure RSN Data Zoom 5.0 nm

0.0 1: Height 2.0 pm

Figure 4.3. AFM scan of p-Si(111) surface 2 x 2 pm?, rms = 0.15 nm
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Figure 4.4. AFM scan of n-Si(111) surface 5 x 5 pm?, rms = 0.1 nm

Pan Data Zoom

1
0.0 1: Height 5.0 ym

Figure 4.5. AFM scan of modified n-Si(111)/NAB-4 surface 5 x 5 pm?, rms = 0.3
nm

The thickness of NAB molecular layer was determined by scratching
techniques to be 5.6 + 0.6 nm for p-Si(111)/NAB and 5.8 + 0.5 nm for n-

Si(111)/NAB as shown in Figures 4.6 and 4.7 respectively. It is worth noting that
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the silicon oxide layer thermally grown before etching Si(111) significantly
improves the flatness of the Si surface, which in turn improves the reproducibility

of the molecular electronic junctions.

Par Data Zoom 20.0 nm

1
0.0 1: Height 5.0 ym

Figure 4.6. AFM scan of p-Si(111)/NAB-4 surface 5 x 5 um?, the molecular layer
was scratched 1 x 1 pm?, and thickness of molecular layer is 5.6 nm.

Pér Data Zoom 20.0 nm

1
0.0 1: Height 5.0 um

Figure 4.7. AFM scan of n-Si(111)/NAB-4 surface 5 x 5 pm?, the molecular layer
was scratched 1 x 1 pm?, and thickness of molecular layer is 5.8 nm.

155



4.3.1.2 Raman Spectroscopy

Figure 4.8 shows the Raman spectra of both H-terminated p-Si and p-
SiI/NAB samples. It is obvious that there are no peaks on H-terminated Si above
1100 cm™, where the modified Si shows the characteristic Raman signals for
NAB molecule on the surface. The peaks assignment for NAB Raman peaks are
given in Table 4.1 and compared with the NAB molecule in CCl; from

literature[45, 46].

2000 cts s p-Si(111)/NAB

H-terminated p-Si

800 1000 1200 1400 1600 1800
Raman Shift (cm™)

Figure 4.8. Raman spectra of both H-terminated p-Si(111) and p-Si/NAB(5.6),
the data collection time was 240 seconds.
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Raman Shift(gm'l) Raman Peak Assignment
NAB inCCl,”  Shift (cm™)

p-Si(111)/
NAB

1147 1139 Ph-N=N stretch
1183 1186 CH bend

1347 1340 NO; sym stretch
1412 1408 N=N stretch
1449 1449 N=N stretch
1594 1589 C=C ring stretch

" Data from the literature see the text
Table 4.1. Characteristic Raman frequency and peak assignment for NAB
molecular layer on p-Si(111) sample compared to NAB molecule in CCl,.

4.3.1.3 X-ray photoelectron spectroscopy (XPS)

XPS survey spectra of p-Si(111) with native oxide cleaned with piranha
solution, H-terminated p-Si(111) and n-Si(111) are shown in Figures 4.9, 4.10 and
4.11 respectively. All spectra have strong Si peaks, and adventitious carbon peak.
For p-Si with native oxide, there is another strong peak for O(1s) of the silicon
oxide layer near 532 eV. The oxygen peak on both H-terminated p- & n-Si
samples are due to adsorbed oxygen on the surface not oxidation of silicon
surface as discussed below. Figure 4.12 is a magnification of the Si region
showing two strong sharp peaks, the first peak for Siy near 100 eV and the
second peak near 150 eV for Si 2s. There are also two small broad peaks at 118

and 169 eV corresponding to Siy, and Siys plasmon losses peaks respectively[47].
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Figure 4.9. XPS survey spectrum analysis for p-Si(111) with native oxide sample.
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Figure 4.10. XPS survey spectrum analysis for H-terminated p-Si(111) sample.
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Figure 4.11. XPS survey spectrum analysis for H-terminated n-Si(111) sample.
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Figure 4.12. Magnification of XPS spectrum of H-terminated n-Si(111) sample in
the silicon peak region.

High resolution analysis of Siy, was performed in order to differentiate

between the Si surface oxidation and adventitious O on the surface during sample

transfer; it also provides information about the electronic energy levels of Si
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surface. In the case of ideally H-terminated Si, the Si 2p peak shows only the
doublet due to Siyp 312 and Si 2ps1. As the samples start to oxidize, a peak for Si-O
bond appears near 104 eV, and this peak has been reported to quantify the
thickness of silicon oxide layer on Si surface [28]. The deconvoluted high
resolution XPS survey spectra of Si peak for p-Si with native oxide, H-terminated
p- & n-Si are presented in Figures 4.13, 4.14 and 4.15 respectively. The three
spectra have two peaks in common, one near 99 eV and another near 100 eV
corresponding to Sizps and Sigp12 respectively. Only in case of p-Si with native
oxide, there is an additional peak near 104 eV corresponding to Si surface
oxidation. The absence of this peak at both H-terminated n- and p- Si surfaces
provides evidence that there is not noticeable Si surface oxidation and the oxygen
peak noticed on the survey spectra is due of adventitious oxygen on the surface

before loading the sample to XPS analysis chamber.

Si2p

106 104 102 100 o8
Binding Energy (eV)

Figure 4.13. High-resolution XPS spectrum (black curve) for Siy, peak of p-
Si(111) with native oxide, the analysis showing three peaks. The first peak (red
curve) at 99.3 eV, the second peak (blue curve) at 99.9 eV and the third peak
(green curve) at 103.9 eV and correspond to Si-O bond of the SiOy.
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Si2p
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Binding Energy (eV)
Figure 4.14. High-resolution XPS spectrum analysis for Si,, peak of H-

terminated p-Si(111), the analysis showing only two peaks, the first peak (red
curve) at 99.2 eV, the second peak (blue curve) at 99.8 eV.

Si2p

106 104 102 100 98
Binding Energy (eV)

Figure 4.15. High-resolution XPS spectrum analysis for Si,, peak of H-
terminated n-Si(111) sample, the analysis showing two peaks, first peak (red
curve) at 99.6 eV, the second peak (blue curve) at 100.2 eV.

Survey XPS spectra of both p- and n- SI/NAB modified samples are

shown in Figures 4.16 and 4.17 respectively. In both samples, there are strong

peaks near 282 eV, 400 eV and 532 eV corresponding to Cis, Nis and Oy peaks of

the NAB molecular layer respectively. For Si substrate signal, there are two very

week signals near 100 eV and 150 eV corresponding to Sio, and Siys. This
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significant attenuation of Si signal indicates that Si substrate is buried under
multilayers of NAB molecules, and indeed the magnitude of this attenuation was
used to calculate the multilayer thickness in the literature[48]. The deconvolution
of high resolution C;s peak in Figure 4.18 results in two peaks, one peak near
284.4 eV corresponds to C-C bond of aromatic system, while the peak near 285.2
eV correspond to C-N bond. While the fitting of N5 peak in Figure 4.19 results in
two peaks, the first peak at 399.9 eV corresponds to nitrogen of the of the azo
(N=N) group and the second peak at 405.7 eV represents nitrogen of the nitro
(NO.) group of NAB molecular layer. Molecular layer density of both n- and p-
type modified Si samples was compared by calculating area of N1 peak/Si,, peak.
In case of p- type modified Si/NAB, the ratio of N/Si was 3.5, and for n- type, the
ratio of N/Si was 3.3. This result indicates that molecular layer density is similar

in both samples.

p-Si (111)/NAB

O

O ls
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Si2s
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Figure 4.16. XPS survey spectrum analysis for H-terminated p-Si/NAB sample.
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Figure 4.17. XPS survey spectrum analysis for H-terminated n-Si/NAB sample.
Cls
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Figure 4.18. High resolution XPS spectrum for C;s of p-Si/NAB sample the
deconvolution analysis showing two peaks, one peak (red curve) at 284.4 eV and
the other peak (blue curve) at 285.2 eV.
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Figure 4.19. High resolution XPS spectrum for N5 of p-Si/NAB sample. The

analysis showing two peaks, the first peak (red curve) at 399.9 eV and the second
peak (blue curve) at 405.7 eV.

Figures 4.20 and 4.21 are high resolution spectra of Siy, peak of p- & n-
SiI/NAB samples, both have a small peak near 103 eV indicating oxidation of the
Si surface occurred and formation of Si-O bond. This oxidation probably occurred
during the electrochemical modification process as those samples were prepared

in parallel with the H-terminated Si samples shown above.

Si2p

R —————— T ——

I I T I

104 102 100 98

Binding Energy (eV)
Figure 4.20. High-resolution XPS spectrum analysis for Si,, peak of H-
terminated p-Si/NAB, the analysis showing three peaks, first peak (red curve) at
98.9 eV, the second peak (blue curve) at 99.5 eV and the third one (green curve)
at 102.9 eV.
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Si2p

106 104 102 100 98
Binding Energy (eV)
Figure 4.21. High-resolution XPS spectrum analysis for Si,, peak of H-
terminated n-Si/NAB-4, the analysis showing three peaks, first peak (red curve) at

99.4 eV, the second peak (blue curve) at 100.1 eV and the third one (green curve)
at 102.9 eV.

4.3.1.4 Ultra-violet Photoelectron Spectroscopy (UPS)

Ultraviolet photoelectron spectroscopy analysis of Si surfaces permits
measurements of the valence band energy and work function (WF) as reported in
the literature[48, 49]. The work function can be calculated as the difference
between the secondary electron cutoff energy Ecuosr, Where the He radiation can

not excite any electrons out of the sample and the radiation energy (hv =21.2 eV).
WF = hV - Ecutoff

Where h is Plank’s constant and v is the radiation frequency. In Figure 4.22, the
UPS spectra of both H-terminated n- & p-Si are shown. In addition, the electron
cutoff region is magnified in the inset. The UPS spectra of modified p- & n-Si

(111)/NAB are compared to corresponding H-terminated Si sample and are shown
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in Figures 4.23 and 4.24 respectively. The WF for H-terminated Si and modified

SI/NAB samples were calculated and summarized in Table 4.2.

16.96 eV
17.03 eV
n-Si(111) l j /
172 17.1 17.0 16.9

20 15 10 5 0 -5
Binding Energy (eV)

Figure 4.22. UPS spectra of hydrogen-terminated p-Si(111) blue curve and
hydrogen-terminated n-Si(111) red curve. The inset is magnification of the
secondary electron cutoff region.

p-Si(111)/NAB-4

p-Si(111)
16.96 eV
1597 eV
20 15 10 5 0 -5
Binding Energy (eV)

Figure 4.23. UPS spectra of hydrogen-terminated p-Si(111) blue curve and p-
Si(111)/NAB black curve.
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Figure 4.24. UPS spectra of hydrogen-terminated n-Si(111) red curve and p-
Si(111)/NAB black curve.

From Figure 4.23 and 4.24, it is obvious that surface modification with
NAB molecule results in an apparent shift of 1 eV in the work function of Si
substrate. For both n- and p- Si samples, the shift is ~1 eV, indicates that the shift
is substrate independent and depends mainly on the molecular layer attached. This
shift is attributed to molecular layer dipole moment and band bending as

discussed previously in detail[48, 49].

UPS data is quite informative for modified Si samples. The onset of
electron emission in the low binding energy region (0 to 14 eV) has been used to
estimate the highest occupied molecular orbital (HOMO) onset of the molecular
layer on the Si surface[50, 51]. HOMO onset is determined by performing a
linear fit of the low binding energy edge of the spectrum, then determining the
point where the background intersects [3, 51, 52] , and shown in Figure 4.25 for

modified p- & n-type Si/NAB samples. The energy offset between the Fermi level
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and HOMO is considered as the tunneling barrier height for hole transport (#n:) as
discussed below. The data of WF and HOMO energy offsets was determined for

modified p- and n-Si/NAB and included in Table 4.2.

Sample Work Function (eV) Erermi - HOMO
H-terminated p-Si -4.24 --
H-terminated n-Si -4.17 --
p-Si/NAB -5.23 1.01
n-Si/NAB -5.16 1.04

Table 4.2. Summary of work function and energy difference between Erermi &
HOMO extracted from UPS data for both modified and H-terminated n- & p-
Si(111) samples.
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Figure 4.25. HOMO onset calculation from UPS spectra of (A) p-Si(111)/NAB
sample and (B) n-Si(111)/NAB sample.

4.3.2 Junction Electrical Characterization

The interfacial resistance between Au contact pads and H-terminated Si
surface is low (~ 17€) as calculated form the i-V curve shown in Figure 4.2,
indicating that the Au/Si interface does not dominate the junction’s electrical

behavior. The logarithm of current density versus bias (In |J| vs. V) for n- and p-
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type Si/NAB/Cu junctions are compared to that of carbon (PPF)/NAB junction of
similar thickness in Figure 4.26. From this Figure, it is apparent that n-
SiI/NAB/Cu junctions are about 2 orders of magnitude more conductive than both
p-SI/NAB junctions & PPF/NAB junctions of similar molecular layer thickness.
Furthermore, p-Si/NAB/Cu/Au junctions are less conductive than PPF/NAB/Cu
junction at negative bias and have a similar current density for positive bias, due
to a difference in symmetry. Also both n- and p- SI/NAB/Cu/Au junctions show
unsymmetrical conductivity, where n-Si/NAB/Cu/Au junctions are more
conductive under negative bias while p-Si/NAB/Cu/Au junctions are more
conductive when a positive bias was applied as apparent in normalized linear
scale of J vs. V in Figure 4.27. Reproducibility of junctions is shown in Figure
4.28, where the In |J| curve for n-Si/NAB junctions is the average of 21 junctions
out of 24, and errors bars of 1 standard deviation. The remaining 3 junctions
exhibited 10 times higher currents than the average, implying direct Cu to Si
contact. For p-Si/NAB junction, the In |J| curve represents the average of 12
junctions out of 16 with 1 standard deviation (the other 4 junctions exhibited 10
times higher current than the average. Scans to higher bias (+ 1.2 V) are presented
in Figure 4.29. The current behavior was less reproducible at high voltage so most

of the analysis and comparisons are based on the + 0.7 V range.

Janes and co-workers studied diazonium-derived molecular junctions on a
Si substrate and reported a yield of non-shorted devices of 46-83%. Of the non-

shorted devices, the range of current densities was £50% from the median
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value[25]. For the p-Si/molecule/Cu junctions described in the current chapter,

the yield was 75% and the rsd of Josv was 29%.

i n-Si/NAB(5.8 ) Cu/Au PPF/NAB(4.5)/Cu/Au

Ln |J| (A/cm?)

p-Si/NAB(5.6)/Cu/Au PPF/NAB(5.2)/Cu/Au
- 1 2 1 1 I 1 1 1 1
06 -04 -02 00 02 04 0.6

V(V)
Figure 4.26. Overlay of In |J|-V curves of p-Si(111)/NAB(5.6)/Cu(30)/Au(15)

black curve, n-Si(111)/NAB(5.8)/Cu(30)/Au(15) green curve, PPF/NAB(5.2)/
Cu(30)/Au(15) blue curve and PPF/NAB(4.5)/Cu(30)/Au(15) red curve.
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Figure 4.27. Normalized J-V curves of p-Si(111)/NAB(5.6)/Cu/Au, n-Si(111)/
NAB(5.8)/Cu/Au.
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Figure 4.28. Average of In |J|-V curves for 12 junctions of p-Si(111)/NAB(5.6)

/Cu/Au with 1 standard deviation black curve, Average of In |J]-V curves for 21 n-
Si(111)/NAB(5.8)/Cu/Au junctions with 1 standard deviation green curve.
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Figure 4.29. High voltage scan of n-Si(111)/NAB/Cu/Au (top curve) & p-
Si(111)/NAB/Cu/Au junctions (bottom curve).
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Although the current densities for n-Si substrates are much higher than
that for p-Si, the curves have opposite asymmetry, with p-Si exhibiting larger
currents with the p-Si biased positive. A similar asymmetry was reported for
molecular junctions based on aromatic molecular monolayer attached to p- and n-
Si[25, 29] and molecular junctions based on p-Si modified by alkyl molecular
monolayer and using a Hg top contact[51]. For Si/aromatic molecular junctions,
the authors proposed that the asymmetry is caused by charge transfer near
resonance[25] or resonant tunneling of charge carriers through molecular layer
HOMO[29]. Although a similar model can be used to explain the asymmetry
observed in Si/NAB/Cu junctions, some important differences should be
considered. First, the reported doping level of n-type Si was lower than the doping
level in the current work and so in their case semiconductor property of Si
dominates the junction behavior. The authors reported asymmetry in current-
voltage curves even without a molecule present[25]. Second, the semiconductor
Fermi level energy, molecular layer HOMO and LUMO positions were based
completely on simulation and theoretical values, and no experimental values were

presented[25, 29].

To understand the difference in conductivity between n-type Si/NAB/Cu
junctions and both p-Si/NAB/Cu and C/NAB/Cu junctions, the tunneling barrier
height (¢) needs to be estimated, as it strongly influences the tunneling
probability. For metal/molecule junctions, the offset between Fermi level and
molecular HOMO is considered the energy barrier for hole transport (¢n+) and the

offset between Fermi and molecular LUMO is the barrier for electron transport
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(@e) as shown in Figure 4.30. The barrier height for hole transport was estimated
from UPS data to be ~ 1.2 eV[53] for PPF/NAB/Cu junctions, determined as

offset between C Fermi level and molecular layer HOMO.

Before extending this approach to the semiconductor/molecule junction, it
should be noted that the Fermi level is defined as the energy state where the
probability is 1/2 that the level is occupied by an electron[54]. In a metal
electrode, all energy levels below the Fermi level are filled with electrons as there
are numerous available energy states, while for a semiconductor, with no dopants,
there are no available energy states in the band gap and the Fermi level resides in
the middle of the band gap. Upon doping, new energy states become available in
the band gap, and the Fermi level is modified according to the dopant level and
type[55]. In case of p-type semiconductors, the barrier for hole transport (@) is
the offset between the Fermi level and molecular HOMO, while barrier for
electron transport (g.) is the difference between the conduction band edge and

molecular LUMO[50] as shown in Figure 4.30.

The theoretical barrier height for hole transport (¢n.) through PPF/NAB
can be estimated from the offset between bare PPF Fermi level (4.6 eV as
measured from UPS[53]) and HOMO of gas phase free NAB molecule (6.66 eV
as reported from Gaussian calculation, B3LYP.631G(d)[53]) to be 1.94 eV, and
for p-Si/NAB to be 2.4 eV (p-Si Fermi level is 4.24 eV from UPS data Table 4.2).
For n-Si/NAB, the theoretical barrier height for electron transport (ge) can be

estimated as the offset between LUMO of gas phase free NAB molecule (3.04 eV

174



as reported from Gaussian calculation[53]) and the conduction band edge (4.05
eV), yielding a barrier height (g of 1.0 eV. According to the theoretical
calculation, the barrier height for tunneling (¢) in case of n-Si/NAB/Cu junctions
is smaller than for both p-Si/NAB/Cu and C/NAB/Cu junctions. So based on free
molecular energy levels, n-Si/NAB/Cu junctions should be more conductive than
both p-Si/NAB/Cu and C/NAB/Cu junctions of similar layer thickness. In the next

section, the experimental barrier height for tunneling (¢) will be estimated from

UPS data.

LUMO LUMO iUﬂ)

) Ecp Ecs @0

Efernt
EFermi s
EFermi

¢ EVB EVB

h 0

HOMO HOMO HOMO
Metal/Molecule p-Si/Molecule n-Si/Molecule

Figure 4.30. Charge transfer barrier height (¢) through metal/molecule interface,

p-Si/molecule interface and n-Si/molecule interface.

UPS has been used to estimate the experimental hole barrier height for
PPF/NAB/Cu junctions and reported to be 1.2 eV[53], which is the difference
between bare PPF Fermi and HOMO of NAB molecular layer bonded to PPF. By

referring to UPS data in Table 4.2, tunneling barrier height for hole transport (én+)
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for p-SI/NAB/Cu junctions was estimated to be ~ 1 eV, which explains the
similarity in current density between p-Si/NAB/Cu and PPF/NAB/Cu junction at
positive bias. The lower current density at negative bias is explained below. It
should be noted that there is a shift in HOMO level upon bonding to the surface
which result in a significant decrease of the theoretical barrier height (¢) (0.7 eV

for PPF/NAB and 1.4 eV in case of p-Si/NAB).

Although the offset between Fermi level and molecular HOMO (éh.) is 1
eV in case of n-type Si/NAB/Cu junctions, the major charge carriers are electrons
not holes. Therefore the barrier for electron tunneling (ge) would be the offset
between molecular LUMO (which can be estimated from inverse photoemission
spectroscopy IPES[51, 56]) and conduction band edge[50]. Although no IPES
data are available for n-Si/NAB sample, a shift in NAB molecular LUMO similar
to that occurred with the HOMO is expected to occur during bonding. That shift
will bring LUMO closer to conduction band and result in a decreasing of the
theoretical (ge) to less than 1 eV. This small barrier height in case of n-type
SiI/NAB junctions is lower than that in both p-type Si/NAB/Cu and PPF/NAB/Cu

junctions, consistent with the higher conductivity of the n-Si/NAB devices.

To explain the asymmetry in both p- and n-type Si/NAB/Cu junctions,
energy band diagrams based on the UPS data described above are shown in
Figure 4.31. Although the LUMO level was not determined experimentally, the
expected effect of an applied bias on the energy band diagram is shown in Figures

4.32 and 4.33 for p- and n-type SI/NAB/Cu junctions respectively.
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(A) p-Si (111)/NAB/Cu/Au (B) n-Si (111)/NAB/Cu/Au

LUMO R LUMO .

ECB — ECB ee ¢t —
— EFermi —

EFermi — =
EVB Qo ¢h = i ¥ — EVB —

HOMO HOMO

Figure 4.31. (A) Energy level diagram of p-Si(111)/NAB/Cu junctions based on

UPS data, (B) energy level diagram of n-Si(111)/NAB/Cu junctions.

When a positive bias is applied to p-Si in SI/NAB/Cu/Au junctions, the
majority charge carriers (holes) tunnel from the semiconductor valence band to
the filled energy level in Cu metal. At higher bias, the Fermi level of Cu will
come closer to Si conduction band and electrons have a greater probability to
tunnel through the barrier from Cu metal into the vacant energy level of Si
conduction band. While under negative bias, the Cu Fermi level will be at lower
energy than the Si valance band, so the hole tunneling probability from Si valence
band to Cu metal will decrease, as shown in Figure 4.32. Therefore, the model
shown in Figure 4.32 for p-Si predicts higher currents for positive bias on Si, as

observed experimentally (fig 4.26).
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Under negative bias p-Si(111)/NAB/Cu/Au Under positive bias
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Figure 4.32. Energy band diagram of p-Si/NAB/Cu/Au junctions under
application of positive and negative bias to the Si substrate.

For n-SiI/NAB/Cu/Au junctions (Figure 4.33), the conduction band
electrons are the majority charge carriers. When a negative bias is applied on Si,
more electrons will populate the Si conduction band and (¢ge) will decrease. So
more electrons will tunnel from the conduction band to the Cu vacant energy
level. While applying a positive bias on n-Si, the electron population in
conduction band will decrease and (¢#.) will increase, thus reducing the electron
tunneling probability. The result is higher currents for negative bias in n-Si/NAB

junctions, as observed experimentally (fig 4.26).
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Under negative bias n-Si (111)/NAB/Cu/Au Under positive bias
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Figure 4.33. Energy band diagram of n-Si/NAB/Cu/Au junctions under
application of positive and negative bias to the Si substrate.
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4.4 Conclusions

In conclusion, H-terminated n- and p- type Si(111) samples have been
modified by electrochemical reduction of NAB diazonium ion to produce an NAB
molecular multilayer. Substrate modification was confirmed by AFM, Raman
spectroscopy and XPS. AFM data indicates that the Si/NAB surface is flat (0.3
nm rms of roughness) and also indicates multilayer formation (NAB thickness > 5
nm). Cu metal was deposited on top of modified SI/NAB samples to fabricate
molecular electronic junctions. The SI/NAB/Cu junctions are reproducible and
were fabricated with high yield. The junctions were characterized electrically and
compared with carbon based molecular junctions. n-Si/NAB/Cu junctions are
much more conductive than both p-Si/NAB/Cu and PPF/NAB/Cu molecular
electronic junctions having comparable molecular layer thicknesses. This
variation in conductivity was attributed to smaller barrier height for charge
tunneling in n-SI/NAB/Cu junctions. In the n-Si devices, the barrier is the
difference between the molecular LUMO and conduction band edge, since the
dominant carrier is the electron. For both p-Si and PPF junctions, hole tunneling
predominates, and the barrier is Erermi — HOMO. A model based on the energy
levels predicted from UPS results is consistent with both the magnitude and
symmetry of the observed current/voltage response for all three types of

molecular junctions.
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Conclusions and Future Work

The incorporation of organic molecules as active elements into electronic
devices is a major target for molecular electronics. In this thesis, the molecular
layer integrity with current microfabrication processes was investigated by several
spectroscopic techniques. Investigation of molecular layer integrity provides the
limitations and challenges for practical employment of organic molecules into
current microfabrication processes. In Chapter 2, a surface modification process
was described to modify various substrates. Ultra-thin Ti metal was used as a
primer to modify optically transparent substrates with organic molecular layers.
The organic molecular layers were characterized through back-side spectroscopy
after deposition of metal on top of the molecular layer. The spectroscopic data
provided strong evidences that molecular layer covalently bonded to the metal
primer have survived the direct metal deposition of Au (100 nm).

In Chapter 3, the compatibility of carbon based molecular junctions with
current microfabrication processes was investigated. Four metals (Au, Cu, Ti and
Pt) were deposited on carbon/ molecular layer to fabricate cross bar junctions.
The metal deposition of Cu and Au did not disrupt the molecular layer, although
Au appears to penetrate into the molecular layer. Spectroscopic data indicate that
Ti and Pt deposition partially destroyed the molecular layer on carbon substrates.
For Pt, the resulting carbon/molecules/Pt junctions were short circuits indicating
direct contact between Pt and carbon electrode. In case of Ti, the junctions
showed low conductivity probably due to of the formation of titanium carbides

and oxides, which dominated the junctions’ electrical behavior. These results
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regarding molecular layer integrity after metal deposition demonstrate the
importance of spectroscopic characterization of the finished devices and why it
should be considered before interpretation of electrical data.

The organic molecular layer covalently bonded to carbon electrode was
shown to be stable at 400 °C under vacuum for 30 minutes, whereas the complete
carbon/molecular layer/Cu junctions became more conductive after heating above
250 °C. The effect of a complete photolithographic process on molecular layer
integrity was studied, and the results indicate that molecular layer can withstand a
complete photolithographic process without damage.

In Chapter 3, the charge transfer mechanism within hybrid Si/molecular
layer/Cu junctions was investigated and compared to previously studied carbon
based molecular junctions. The junctions were reproducible and were fabricated
with high yield. Both p-type Si and carbon based molecular junctions with the
same layer thickness have similar conductivity, while significantly higher
conductivity was observed for n-type Si molecular junctions compared to both p-
type Si and carbon molecular junctions. Furthermore, both n- and p- type Si
molecular junctions have asymmetric current—voltage behavior. The difference in
conductivity was attributed to variations in tunneling barrier height. For n-type Si
the barrier is the energy difference between the molecular LUMO and the
conduction band edge for electron tunneling, while for both p-Si and PPF
molecular junctions, the barrier is Egermi — HOMO for hole tunneling.

Future work might focus on the study of charge transfer mechanism in

hybrid Si/molecular layer/Cu junctions. The nitroazobenzene molecular layer

187



could be replaced by other molecules that have various LUMO energy relative to
the conduction band in order to verify the hypothesis that the electron tunneling
barrier in the case of n-type Si is the offset between LUMO and conduction band.
This work should be supported by inverse photoemission spectroscopy (IPES)
measurements to estimate that difference experimentally.

Furthermore, to understand the role of Si substrate in such a hybrid
junction, Si wafers with a range of doping levels could be used as substrates. At
high doping level the molecules should dominate the junctions’ electrical
behavior, while at low doping level the semiconductor character through
formation of a Schottky barrier is expected to control the junctions’ electrical
behavior. Low doping levels in Si will permit fabrication of hybrid molecular
junction where the electronic properties of both the semiconductor and the

molecules affect the electrical behavior of the completed junction.
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Appendix 1

UV-Vis study of the oxidation of ultrathin Ti metal

Q/TiO,
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Figure 1A. UV-Vis spectra for samples of quartz (Q), 5 nm Ti deposited by e-
beam onto Q (Q/Ti (5)), 5 nm rutile deposited by e-beam onto Q (Q/TiO, (5)
Rutile) and Q/Ti sample after thermal oxidation (Q/TiO4). All spectra were

referenced to air.
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