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Abstract

As complementary metal-oxide-semiconductor (CMOS) based integrated circuits
(IC’s) approach the physical and economic limit of performance enhancement through
device scaling the need for a new paradigm to realize nanoscale electronic devices is ever
increasing. One proposed architecture for realizing the next generation of IC’s involves
the use of molecular monolayers and single molecules as active electronic components
commonly referred to as molecular-scale electronics. Several such devices have been
demonstrated using a host of novel electrical characterization structures and techniques.

In this thesis a controllable and reproducible process for fabricating electrode
pairs suitable for probing the electrical properties of potential molecular-scale electronic
devices is presented. This process is capable of fabricating dissimilar metal electrodes
with a minimum interelectrode distance of less than 6 nm using electron beam
lithography and liftoff pattern transfer. Electrode structures employing pairs of Au or
AuPd electrodes and a dissimilar metal electrode were fabricated in three different
patterns. 300 um long parallel electrode structures with interelectrode distances as low as
10 nm, 75 nm wide electrode pairs with interelectrode distances lower than 6 nm, and a
multi-terminal electrode structure with reproducible interelectrode distances of 8 nm were
realized using this technique. The processing issues associated with the fabrication of

these structures are discussed along with the intended application of these devices.
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Chapter 1

Introduction

1.1 The Limits of CMOS and the Drive Towards Molecular Scale Electronics

The invention and development of CMOS transistor-based IC technology have
had a tremendous and enduring impact worldwide over the past 25 years Consistent
mnovations in the science of CMOS IC fabrication have allowed the dimensions of these
devices to be scaled down dramatically, increasing the transistor density per die area and
device operating speed Moreover, aggressive device scaling has decreased the amount
of power required by each transistor and reduced the total cost per device on an IC This
ability to fabricate inexpensive CMOS-based very-large-scale integrated (VLSI) circuits
catalyzed the computer revolution and brought the electronics industry to the forefront of
the global economy. CMOS VLSI microprocessors lie at the heart of desktop computers,
“smart” toasters and modern automobiles alike and have provided the basis for numerous
scientific and technological breakthroughs in a plethora of fields of study’

The 1999 National Technology Roadmap for Semiconductors calls for an
additional factor of 10% increase 1n computational efﬁciency2 by the year 2008, As
stated above, the capability to decrease the minimum dimensions of CMOS transistors
has been the primary force behind the rapid advances of VLSI-based technology

Unfortunately, physical and economic phenomena are conspiring to make this particular



path toward fabricating less expensive and more powerful IC’s a finite one It 1s
projected that the evolution of CMOS technology will have run its course shortly after the
year 2010 for a variety of reasons™ The stated computational efficiency goal would
then fall just beyond the reach of CMOS based IC technology—disregarding levels of
performance that exist beyond this mark. It has recently been postulated that there are
potentially eight orders of magnitude 1n computational energy efficiency beyond the limit
of CMOS IC technology® These issues clearly mdicate that a new paradigm for reahizing
the next generation of integrated circuits must be found

In Richard Feynman’s historic speech “There's Plenty of Room at the Bottom”
given at the December meeting of the American Physical Society in 1959, the concept of
nanotechnology was first presented to the scientific world’ In hus talk, Feynman brought
forth the idea that the ultimate level of device integration for computing purposes would
involve individual components no bigger than 10 nm wide forming entire circuits realized
1n areas a few thousand angstroms across These ideas have provided the inspiration for
many researchers from a variety of disciplines to embark on a quest to realize nanoscale
electronic devices One proposed method of achieving device integration on this level
involves the use of molecular monolayers and single molecules as active electronic

components This approach is more commonly referred to as molecular electronics



1.1.1 Molecular Electronic Devices

The first serious proposal for realizing a molecular electronic device, a molecular
rectifier, was made by Aviram and Ratner in 1974® 1In this visionary work they theorized
that a bilayer of electron donor and acceptor molecules separated by a potential barrier
trapped between two metal electrodes would function 1n an analogous manner to a PN-
junction rectifier The general idea of their work was based on the principle that charge
transport through a molecular layer will occur via tunneling. They hypothesized that the
molecular energy levels (molecular orbitals) of a m-conjugated molecule would
participate 1n the tunneling process and be energetically close to the Fermi level of the
electrode metals’. Placing a sufficient level of external bias voltage on the electrodes, the
Fermi level of the metals could be brought into resonance with the molecular energy
levels Due to the asymmetrical electrical characteristics of the molecular bilayer,
resonance would be achieved with greater facility for one bias polarity than for the other
creating a rectifying junction

Following the theoretical work of Aviram and Ratner several molecular rectifiers

10,11,12 13,14

based on mw-conjugated systems , other forms of molecular bridges ™™, and

biomolecules’ have been demonstrated  All of these devices show current rectification
properties similar to PN junction diodes and yet are smaller than traditionally fabricated

PN junctions by an average factor of 10°, Other demonstrated molecular electronic

6

components mclude molecular wires'®, a resonant tunneling diode'” and a negative
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differential resistance device'® It should be noted that there is another category of



molecular electronic devices composed of graphite-like carbon-based materials such as
Ceo Fullerenes and the ubiquitous carbon nanotube (CNT) A discussion of these devices
and the 1ssues associated with electrically characterizing them is beyond the scope of this
thests Several excellent introductory texts and review papers'® exploring this topic are

available.

1.2 Electrically Characterizing Molecular Junctions

With the marked decrease in dimensions of molecular electronic devices also
comes a sharp increase in the level of difficulty associated with performing their
electrical characterization. As with any electronic device, the behavior of a molecular
electronic device must be fully understood before it is used in an electrical circuit. Its
response to DC as well as AC excitations needs to be determined, understood, modeled
and incorporated into analytical tools that will facilitate the design of circuits as well as
allow for their simulation.

Most molecules that possess electrical properties of interest have critical
dimensions somewhere between 1 nm and 10 nm™'>. It follows that 1f one 1s going to
study the properties of these molecules electrical probes capable of contacting objects this
size are required Fabricating pairs of electrodes that have interelectrode distances within
this size regime is not a trivial task as it exceeds the resolutton limit of traditional
photolithography and deep ultra violet (DUV) lithography and surpasses the performance

limut of X-ray lithography tools. In principle, the resolution of X-ray lithography 1s quite



high, nominally 10A, yet instrumentation 1ssues serve to degrade the performance of

these tools significantly. Until recently’”*®

, the highest resolution lithography tool
available, direct-write electron beam lithography (EBL) has also been incapable of
repeatable production of electrodes with interelectrode distances on the order of 10 nm or
less

It should be noted, EBL tools are constantly evolving Unlike photolithography,
EBL is not fundamentally limited by the wavelength of light used in the exposure and
instrumentation is readily available that makes EBL systems more robust than X-ray
lithography machines. As the science and technology of electron field emussion is
improved, so 1s the quality of EBL systems.

Another 1ssue associated with the measurement of the electrical properties of
single molecules is deposition of the molecule under test into the test structure Provided
that one can fabricate electrodes suitable for measuring a single molecular monolayer, it
is another equally difficult task to place, position and then bind a molecule between the
two contacts Mechanical probes able to manipulate single molecules simply do not
exist Techmques such as “optical tweezers™?® can mamipulate objects with atomic
dimensions, however they cannot fix them 1n place or control their orientation. What 1s
required 1s a method of self-assembling these molecules into the measurement structure

to create a metal/molecular monolayer/metal heterojunction.




1.2.1 Early Measurement Techniques

The first techniques developed for performing electrical measurements on single
or small groups of molecules typically fit into one of two categories, both of which
bypassed the resolution limits of lithography-based fabrication entirely. The first method
1s useful only when characterizing molecules that can be arrayed in a Langmuir-Blodgett
(LB) thin film LB thin films are dense and highly ordered monolayers of molecules
often likened to a liquid crystal lattice®’ These properties allow LB films to be deposited
into vertical metal/molecular monolayer/metal “sandwich” structures formed as follows
A LB thin film is first deposited onto a metal electrode previously patterned on a
nonconducting substrate. Provided that the electrode area 1s sufficiently small, the LB
film will uniformly cover the electrode without leaving any vacancies in the molecular
monolayer A second metal electrode can then be deposited on top of the LB film
creating a vertical two-terminal test structure'" (refer to figure 1-1) Unfortunately, this
technique is of little use for performing measurements on molecular monolayers that
cannot be arrayed in LB thin films* Any monolayer that may possess vacancies runs a
high risk of being shorted out by the upper and lower electrode during the second
electrode’s deposition preventing any sort of useful measurement from occurring.

The second method, which has been used to conduct a great number of electrical
measurements on single molecules, employs the use of a scanning tunneling microscope
(STM) in a technique known as scanning tunneling spectroscopy (STS) In these types of

measurements a molecular monolayer or a suspension of single molecules can be
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Figure 1-1: Diagram of LB thin film "sandwich" measurement technique.




adsorbed onto a conductive substrate. The STM tip can then be brought directly over an
1nd1vid§1a1 molecule and used to make conductance measurements by sweeping the bias
voltage of the substrate with respect to the tip and measuring the resultant tunneling
current (refer to figure 1-2) General examples of this technique can be found in the
literature™>">. This techmque is limited by the inherent tunneling gap between the STM
tip and the molecule and offers no means for making measurements on multiple

molecules arranged 1n series or parallel.

1.2.2 Techniques for Fabricating Metal/Self-Assembled Monolayer/Metal

Heterojunctions

The deficiencies of traditional photolithography-based fabrication techniques and
the limited scope of the previously discussed measurement methods have forced
researchers 1n the molecular electronics field to pioneer new techniques in
nanofabrication technology. Over the past five years there has been a rapid increase of
activity in the field of electrically characterizing molecular junctions At the forefront of
this boom has been Mark Reed’s group at Yale University Stemming from their study of
charge transport through metallic point contacts, a technique which exploits the
atomically sharp nature of mechanically induced breaks in metal wire was developed,
known as the mechanically controllable break junction (MCB)>. This technique was
used to perform one of the first non-STM based electrical measurement on a single

molecule reported in 1997%
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Figure 1-2: Diagram of STM based measurement technique




The operating principle of the MCB 1s quite simple A 200pm diameter Au wire

is notched almost to the point of shear using a razor blade. Epoxy is then used to cement
the wire on both sides of the notch to a thin phosphor-bronze bending bar coated with an
msulating foil Centering the structure between two counter supports, a piezoelectric
micromantpulator 1s then used to apply force to the backside of the bending bar (refer to
figure 1-3). By adjusting the micromanipulator’s coarse position the wire will break
forming two atomically sharp Au electrodes Then, by monitoring the conductance of the
wire it 1s possible to adjust the distance between the electrodes with angstrom resolution
utilizing the piezoelectric element This precise control in the interelectrode distance 1s
made possible via a mechanical reduction factor in the displacement of the piezoelectric

element caused by the bending bar.

ABCD™ ™———

Figure 1-3. A schematic of the MCB junction with (A) the bending beam, (B) the counter

supports, (C) the notched gold wire, (D) the glue contacts, (E) the piezo®*
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Chemucal modification of Au substrates via alkane-thiol chains have been shown
to aid in the self-assembly of molecules to metal surfaces® By using Au as the electrode
material of the MCB these self-assembly techniques were successfully employed by
Reed’s group to deposit organic-synthetic molecules onto the electrodes Using the
piezoelectric element the interelectrode distance was adjusted until the electrodes formed
a direct metal/molecule/metal heterojunction (refer to figure 1-4).

The MCB technique is inherently stable, easy to operate and produce, and 1s
adjustable However, 1t also requires a large external apparatus, and can only be used to
fabricate pairs of electrodes of a single metal. The latter of these two deficiencies 1s
indicative of a problem endemic to many of the measurement techniques demonstrated in
the literature It is possible to deposit symmetric organic-synthetic molecules in between
properly spaced Au electrodes using alkane-thiol self-assembly techniques and then
electrically characterize them because the orientation of the molecules between the
electrodes does not effect the measurement. Asymmetric molecules, however, cannot be
examined using such devices An example of this type of molecule 1s the photosystem I
(PSI) reaction center which 1s of demonstrated interest to molecular electronics
research’’

Self-assembly techniques have been developed to preferentially orient the PSI
with respect to a Au substrate. The polar nature of this molecule inhibits the use of the
MCB for the formation of Au/PSI/Au heterojunctions (refer to figure 1-5). A molecular
monolayer will be formed on both of the Au electrodes, as the interelectrode distance 1s

closed, molecules bridging the gap will be oriented 1n both directions preventing any
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Figure 1-4 Schematic of the MCB based measurement process. (A) The gold wire of the
break junction before breaking and tip formation (B) After addition of benzene-1,4-
dithiol, SAMs form on the gold wire surfaces (C) Mechanical breakage of the wire n
solution produces two opposing gold contacts that are SAM-covered (D) After the
solvent 1s evaporated, the gold contacts are slowly moved together until the onset of

conductance 1s achieved®*
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Figure 1-5: The PSI biomolecule is an example of an asymmetric molecule with electrical
properties of demonstrated interest to the molecular electronics community. (A), (B) and

(C) show the directional dependence of the I-V characteristics of the PSI molecule’’.
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meaningful measurement from occurring Electrode pairs composed of dissimilar metal
electrodes, where only one member of the pair reacts with the thiol SAM would be
1deally suited to the task of electrically characterizing these asymmetric molecules.
Preferential self-assembly of the molecular monolayers should be possible in such a
structure

Break junctions formed by electrostatic discharge (ESD) were shown to produce
inter-electrode distances on the order of 1 nm to 10 nm*® Using EBL and liftoff pattern
transfer Au electrodes were defined such that the ends overlapped by a distance of less
than 10nm. By driving a sufficiently high current through the electrodes the tips break at
the overlap leaving a nanometer sized space 1n between the two Au electrodes

This technique surmounts the instrumentation problem of the MCB 1n that it 1s
fully integrated and requires no external apparatus once the break is induced It may also
be extended to fabricating electrode pairs of dissimilar metals. However, the
mnterelectrode distance cannot be controlled as precisely as the MCB and cannot be
fabricated 1n a wide variety of sizes At this time this technique has only been used to
realize nanocrystal based single electron transistors. However it has the potential to be
used to study transport through molecular junctions

A technique developed 1n the late 1980’s by a group at Cornell*” formed the basis
of another novel measurement structure employed by Reed’s group, dubbed the
“nanopore” %%, This structure consists of a nanometer-sized hole punched through a

Si3N4 membrane with Au contacts above and below the opening separated by a distance

14



of a few nanometers It realizes a vertical metal/molecular monolayer/metal
heterostructure similar to the metal/LB thin film/metal structure discussed earlier (refer to
figure 1-6) The key difference is that the molecular monolayer under test does not need
to be a LB thin film The problems inherent in the metal/LB thin film/metal technique
described earlier for non-LB SAM’s were circumvented by two aspects of the nanopore
fabrication process. First, the ability to fabricate a measurement structure smaller than
the domain size of the SAM forces the adsorbed monolayer to be highly ordered and
primarily defect free?. Also, several precautionary measures are incorporated into the
second electrode deposition process to safeguard against contact shorting between
electrodes.

The nanopore technique was used to make stable electrical contact to a 4-
thioacetylbiphenyl SAM and produce repeatable electrical measurements for extended
periods of time showing that it behaves analogously to a PN junction diode®®. It was also
used to measure a molecule containmg a nitroamine redox center showing a current-
voltage response which exhibited a negative differential resistance '8 This work offers a
significant tool for measuring non-LB SAM’s including those comprised of asymmetric
molecules Regretably, these structures require a complex fabrication process that 1s time
consuming and involves several novel techniques thus limiting 1ts usefulness.

C Dekker, et al’®, demonstrated a novel method for fabricating electrodes with an
interelectrode distance as small as 4 nm 1n 1997 An oxidized silicon substrate with a
thin coating of low-stress S13Ny 1s used as a starting material. Polymethyl methacrylate

(PMMA)*! 15 then spun onto the material and EBL 1s used to pattern a long narrow shit
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Figure 1-6: Electron micrographs showing nanopore fabrication. (A) Cross section of a
silicon wafer with a nanopore etched through a suspended silicon nitride membrane. (B)
Au-SAM-Au junction in the pore area. (C) Scanning electron micrograph (SEM) of
pyramid Si structure after anisotropic Si etching [that is, the bottom view of (A)]. (D)

SEM of an etched nanopore through the silicon nitride membrane'®.
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roughly 100 nm wide with a local constriction of 20 nm. Reactive ion etching (RIE) of
the Si3Ny layer followed by wet etching of the underlying S10, produces two free-
standing S13N4 “fingers” at the constriction over a trench. These Si3Ny fingers are then
coated with a fine-grained metal (such as Pt) to produce the actual metallic electrodes
As the metal 1s deposited, the 20 nm constriction becomes narrower until 1t reaches the
desired lower bound (refer to figure 1-7).

The homogeneous nature of the composition of the electrode pair inhibits the use
of self-assembly techniques for the deposition of asymmetric molecules in this structure
Dekker’s group has developed a deposition technique involving the trapping of nanoscale
materials 1n an electrostatic field generated between the two electrodes. An electrostatic
field can be used to “catch” a highly polar nanoparticle This technique was verified by
using 1t to self-assemble a Pd nanoparticle between the two electrodes However, 1t has
yet to be successfully demonstrated on organic materials of interest to molecular
electronics™.

A technique known as offset mask (shadow mask or tilt mask) evaporation, first
developed in the late 1970’s* has been used to realize molecular electrical
characterization structures Thus technique makes use of electron beam lithography
(EBL) patterned resist as a physical evaporation mask. By evaporating metal at
sufficiently obhique angles with respect to the substrate 1t 1s possible to realize multiple
metal electrodes 1n a single patterned area due to the “shadow” created by the resist side-

walls These electrodes have been realized with nanometer seperation and have been

used primarily in the fabrication of single electron transistors>* Repeatability has been
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Figure 1-7: Electron micrographs of the Pt “fingers”; the gap between the electrodes can
be slowly reduced to the desired small value by sputtering of additional layers of

platinum. Here the gap was reduced from 25 nm (a) to 15 nm (b) and to 4 nm*".
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the limiting factor of this technique; the electrode geometry, interelectrode spacing and
electrode placement are difficult to control®’

In early 1999 a group at Stanford University demonstrated a fabrication technique
mvolving the electrochemical plating of grossly spaced lithographically defined electrode
pairs®®. In this work EBL was used to define coarsely spaced electrodes of Au/Ti on an
oxidized Si1 substrate. These structures were then placed 1n an aqueous solution
consisting of 01 M potassium cyanaurate and a buffer composed of 1 M potassium
bicarbonate and .2 M potassium hydroxide A Au pellet is then used as a
counterelectrode connected in series with the patterned electrodes and a controllable
voltage source. Coupling this circuit to a lock-in-amplifier connected 1n parallel with a
resistor 1n series with the current source electrodeposition of the Au pellet can be driven
by the controllable voltage source and monitored simultaneously. By measuring the
interelectrode conductance the interelectrode distance can be ascertained and controlled.
Inter-electrode distances as small as 1 nm were reported (refer to figure 1-8)

The ability to reproducibly fabricate planar electrode pairs with adjustable
interelectrode distances down to 1 nm represents a breakthrough 1 molecular
measurement. This technique surpasses the flexibility of the MCB and ESD break
junctions and can be done at a fractional cost It 1s possible that electrodes of dissimmlar
metals can be fabricated by the electrochemistry of the deposition process producing an
ideal test device for the electrical characterization of molecular junctions Furthermore,

unlike the other techmques discussed thus far, 1t may be possible to fabricate multi-

terminal test structures using this method, enabling the realization of functional molecular
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Figure 1-8: SEM images before and after electrodeposition (scale bars show dimensions).
(A) Electrodes before electrodeposition. (B) Electrodes after electrodeposition.The
resolution of the SEM is 5 nm, not sufficient to resolve the gap. (C) Electrodes in which

the gap was reopened by electrodissolution™.
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scale logic devices One drawback of this techmque 1s that the electrodeposited material
will not adhere to the substrate in any manner, anchored only to the EBL defined
electrode This may limit the overall robustness of the technique and put a potential

distance limit on the length of the electrodeposited portion of the electrode pair*®.

1.3 The Use of High-Resolution EBL for the Fabrication of Molecular Electronic

Device Electrical Characterization Structures

The ability to use EBL to fabricate electrodes suitable for the characterization of
molecular monolayers would be an asset to this field of research, as 1t would bring with 1t
the unparalleled level of flexibility and control commonly associated with EBL. The use
of EBL to this end would permut electrode structures composed of a wide array of metals,
1n any number of patterns with an arbitrary number of measurement terminals, to be
fabricated on a variety of substrates It was previously mentioned that direct-write EBL
has been incapable of repeatable production of electrodes with interelectrode distances on
the order of 10 nm or less Recent advances in EBL have begun to push these boundaries

making the possibility of such a fabrication process feasible®’>®

1.4 Thesis Objective

Thus thesis presents a flexible, controllable and reproducible process for

fabricating dissimilar metal electrodes with nanometer interelectrode distance (DiMEND)
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using high-resolution EBL and liftoff metallization processing This process is capable
of realizing electrode pairs with a mummum mterelectrode distance of 6 nm that allow
thiol-based self-assembly techniques to be used to deposit asymmetric molecules into
lateral metal/molecular monolayer/metal heterojunctions. This technique may also
provide a method for demonstrating functional molecular logic gates on the nanoscale as
it can be used to fabricate multi-terminal devices.

Chapter 2 will discuss the physics and technology of EBL and liftoff pattern
transfer. Elements of electron optics, electron solid interactions and EBL systems will be
presented. The chemistry of electron sensitive resists will be discussed along with 1ts
application to liftoff pattern transfer processes

In Chapter 3 the design of the DIMEND structures and therr intended
experimental use will be examined The properties of the Photosystem I molecule will be
discussed to provide a context for the eventual application of the DiIMENDs along with
other design considerations that need to be addressed. The fabrication process developed
for DIMEND production will be presented in Chapter 4 This chapter will provide a
detailed summary of the processing steps followed to create the DIMEND structures 1
high yield. Chapter 5 will present the results of this fabrication process An assessment
of the effectiveness of the DIMEND structures 1n terms of their ability to realize
metal/molecular monolayer/metal heterojunction using self-assembly techniques will also
be discussed. This work will be concluded in Chapter 6 with final comments on the

presented topic.
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Chapter 2

Electron Beam Lithography and Liftoff Pattern Transfer

2.1 Physics of Electron Beam Lithography

Electron beam lithography (EBL) systems are used in two general applications:
mask writing and direct write lithography Fundamentally, both types of systems are the
same, however some differences do exist in their electron beam generation and control
mechanisms. The research work discussed 1n this Thesis was performed using a direct
write EBL system,; for the sake of being concise this chapter will be limited to a
discussion of these types of systems. In order to understand how EBL systems function,
it is necessary to acquire a mdimer;tary understanding of electron emission, electron
optics, electron mteractions with solids and the technology that has been developed to

control these phenomena.
2.1.1 Electron Sources

The part of the EBL system that forms the electron beam 1s normally referred to
as the column An EBL column typically consists of a series of several components
starting with the electron source. All EBL systems require an electron source that has
high intensity (high brightness), high uniformity, a small virtual source size, a limited

spread of emitted electron energies, good stability and long life The most common
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methods for extracting electrons from the source in an EBL system are heating a
conducting filament (thermionic emission), applying a large electric field to a conducting
needle point (cold field emission), or combining these two methods (thermally assisted
field emission). In each of these types of sources the energy being added to the
conducting material by the aforementioned means allows electrons to overcome the work
function of the filament material and be emitted, typically mto a vacuum of 10°® Torr to
10” Torr.

Thermionic sources are standard for most low-end to moderately priced EBL
systems due to its high brightness and relative stability. The beam current delivered by
thermionic sources 1s dependent on the temperature of the cathode. Thermionic sources
operating at high temperature can deliver greater beam current than field emission
sources at the expense of an exponentially decreasing lifetime due to thermal evaporation
of the cathode material LaBg cathodes operating at 1800 K are used frequently in
thermionic EBL sources because of their exceptionally high current density and
brightness.>® However source lifetimes of 1000 hrs or less are common in systems
employing LaBg filaments ** This need to frequently replace the filament is a detriment mn
commercial production environments where more stable, longer life sources translate to
less system downtime

Cold field emission (FE) sources have become common in electron microscopes
due to their high brightness However, they have seen little use in commercial EBL
systems due to their instability with regard to short-term noise as well as long term

current drift. This 1s a serious problem in lithography processes where maintaining a
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stable beam current plays an mntegral role in system performance and exposure
uniformity. The noise seen 1n the emitted current from FE sources is caused by the
adsorption of atoms onto the surface of the field emutter tip, affecting its work function
and thus causing large changes in the emission current. Heating the tip momentarily, a
process known as flashing, can clean it, however new atoms and molecules quickly re-
adsorb onto the tip even 1n the best of vacuums.*!

Thermally assisted field emission (TFE) sources have an increased stability over
FE sources, as they are less susceptible to contamination by gases in the chamber
containing the source due to their elevated operating temperature (1800 K and above)
These sources typically consist of a tungsten needle that has been sharpened to a point
with a radius less than 1 um. They are capable of achieving stable emission currents for
months at a time and possess brightness almost as high as the cold FE sources, a very
small virtual source si1ze and a moderately small energy spread of emitted electrons
Most high-end EBL systems use TFE emutters for these reasons. The only drawback 1in

TFE sources 1s their inability to achieve the high levels of emission current attainable

with thermionic systems *?

2.1.2 Elements of Electron Optics
Once the electron stream 1s generated from the source 1t must be formed nto a
narrow beam on the order of 5 nm to 10 nm This is accomplished by passing the beam

through a series of electrostatic or magnetic lenses and apertures The column will also
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contain mechanisms for deflecting the beam and a beam blanker for turning the beam on
and off. A stigmator for correcting any astigmatism in the beam, alignment systems for
centering the beam in the column, and finally, an electron detector for assisting with
focusing and locating alignment marks on the sample constitute the rest of the column
components (refer to figure 2-1).*

In principle, electron lenses behave the same as optical lenses However, there
are some 1mportant differences worth noting. With few exceptions, electron lenses can
be manufactured only to converge not diverge. Also, the quality of electron lenses 1s not
nearly as good as optical lenses 1n terms of aberration. There are two types of aberration
that seriously effect electron lenses. spherical aberrations, where the outer zones of the
lens focus more strongly than the inner zones, and chromatic aberrations, where the
electrons of slightly different energies get focussed at different image planes The latter
of the two 1llustrates why a minimal spread 1n the spectrum of electron energies emitted
from the source is desirable. Electrostatic lenses tend to have worse aberrations than
magnetic lenses so they are used less frequently in high performance systems.**

Apertures are small holes through which the beam passes on its way down the
column. Several types of apertures are employed at various stages of the column, each
serving a different purpose A spray aperture may be used to stop any stray electrons
without materially affecting the beam 1tself A blanking aperture 1s used to turn the beam
on and off by deflecting the beam away from the aperture hole, imntercepting the beam
when not writing. A beam-limiting aperture has two effects. it sets the beam

convergence angle through which electrons can pass through the system, controlling the
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Figure 2-1: Cross-section drawing of a typical electron beam column along with a

raytrace of the electrons as they pass through the various electron optical components.6
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effect of lens aberrations and thus resolution, also this sets the beam current. A beam-
limiting aperture is normally set in an X-Y stage to allow 1t to be centered, or aligned,
with respect to the optical axis of the beam Apertures may also be heated to help prevent
the formation of contamination deposits, which can degrade the resolution of the
systems 3

Deflection of the electron beam is used to scan the beam across the surface of the
substrate without physically moving the stage on which the substrate rests The extent
over which the beam can be deflected without degrading its integrity 1s commonly
referred to as the field size As with electron lenses, deflection can be accomplished
either magnetically or electrostatically Deflecting the beam off axis introduces
additional aberrations that cause the beam diameter to deteriorate, and deviations from
the linearity in X and Y increase as the amount of deflection increases These effects
combined with the aberrations from the lenses limit the maximum field or deflection size
that can be used Some tools introduce dynamic corrections to the deflection, focus and
stigmators in order to increase the maximum field size, at the cost of additional system
complexity.*®

The function of the beam blanker is to switch on and off the current in the
electron beam This is usually accomplished with a pair of parallel plates set up as a
simple electrostatic deflector One or both of the plates are connected to a blanking
amplifier with a fast response time. In order to be effective, the blanker must also provide

a high degree of beam attenuation 1n the off state and limit any spurious beam motion

induced by the blanking system to a distance much less than the size of a single exposure
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pixel.*” To turn the beam off, a voltage 1s applied across the two plates which sweeps the
beam off axis until it 1s ntercepted by a downstream aperture.*®

A stigmator is a special type of lens used to compensate for imperfections in the
construction and alignment of the EBL column. These imperfections can result in
astigmatism, where the beam focuses n different directions at different lens settings; the
shape of a nominally round beam becomes elliptical with the direction of the principal
axis dependent on the focus setting resulting in smeared images in the resist layer being
exposed. The stigmator cancels out the effect of astigmatism, forcing the beam back mnto
its optimum shape. Stigmators may be magnetic or electrostatic and consist of four or
more poles arranged around the optical axis. *°

The final required component of an EBL system 1s a method of detecting the
emuitted electrons for focusing, deflection calibration, and alignment mark detection.
Usually the detector is a silicon solid-state detector mounted on the end of the final lens
just above the sample EBL systems normally detect high-energy backscattered electrons

since these electrons can more easily penetrate the resist film The signal from low-

energy secondary electrons may be obscured by the resist 50

2.1.3 Resolution

There are several factors that determine the overall resolution of an EBL system.
First is the virtual source size, d,, divided by the demagnification of the column, M,

resulting in a beam diameter, d, If the optics of the column were 1deal, this stmple
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relation would determine the beam diameter. In reality lenses are far from perfect.
Spherical aberrations caused by the lenses result in a distortion of the ideal beam
diameter, d, that can be controlled by using an aperture to limit the convergence angle of
the beam. Unfortunately, this results in a somewhat diminished beam current Chromatic
aberrations also result in degraded beam diameter, d,, and are best controlled at the
electron source by choosing a source material that provides limited electron energy
spread Fnally rudimentary quantum physics permits the calculation of the electron

wavelength as

A=—2 om, 2-1)

v, ):

where Vj1s the beam voltage. Although this 1s much smaller than the wavelength of light
( 008 nm at 25 kV), this wavelength can still limit the beam diameter by classical
diffraction effects in very high-resolution systems For a diffraction limited beam, the

diameter 1s gtven by

da' = 7 5 (2'2)

where a 1s the convergence half-angle of the beam at the substrate’ To determune the

theoretical beam spot size of a system, the contributions from various sources of
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aberration can be added 1n quadrature This gives the final spot diameter on the surface

of the substrate as

d= (d3 +d? +d} +d] )% (2-3)

In systems with thermionic sources, spherical aberrations tend to be the limiting
factor for beam diameter, while chromatic aberrations dominate 1n field emission
systems. For a given beam current, there will be an optimum combination of
convergence angle and system demagnification Resolution can generally be improved in
most systems by using a smaller beam-limiting aperture, at the expense of reduced beam
current and throughput In systems where the demagnification can be varied, increasing
the demagmfication will also improve resolution at the expense of reduced beam

current.52

2.1.4 Electron Solid Interactions

EBL systems are capable of generating extremely narrow beams, however the
interaction of the beam with the substrate being exposed causes changes in the quality of
the beam that are dafficult to correct for in the column The chief mechanism for these
changes 1s electron scattering events. As the electrons penetrate the resist, they
experience many small angle scattering events, commonly referred to as forward

scattering, with respect to the incident velocity This can result in a sigmficantly broader
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beam profile at the bottom of the resist layer than at the top The increase 1n effective
beam diameter in nanometers due to forward scattering 1s given empirically by the

formula

R 15
d; = 9(7,:] nm, (2-4)
where R, 1s the resist thickness in nanometers and ¥} 1s the beam voltage in kilovolts
This shows that using the thinnest possible resist and the highest available accelerating
voltage minimizes forward scattering >

As the electrons penetrate through the resist into the substrate, they occasionally
undergo large angle scattering events, 1n a process known as backscattering These
electrons may return back through the resist at a significant distance from the incident
beam, causing additional resist exposure This phenomenon 1s commonly known as the
proximity effect where electrons scattering from other nearby features affect the dose that
a pattern feature receives The range of the electrons, defined as the distance a typical
electron travels 1n the bulk material before losing all its energy, depends on both the
energy of the primary electrons and the type of substrate For a high energy beam this
dispersal may be sufficient to reduce the exposure dose enough to prevent a sigmficant
change 1n the resist properties over the entire area, unless the resist has a very high
sensitivity. The fraction of electrons that are backscattered 1s roughly independent of

beam energy, although it does depend on the substrate material with low atomic number
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materials giving less backscatter. Using a thin layer of resist can help to minimize
backscatter.>*

As the primary electrons slow down, much of their energy is dissipated i the
form of secondary electrons with energies ranging from 2 to 50 eV. They are responsible
for the bulk of the actual resist exposure process Since their range in resist is only a few
nanometers, they contribute little to the proximity effect. Instead the net result can be
constdered to be an effective widening of the beam diameter by roughly 10 nm. This
largely accounts for the minimum practical resolution of 20 nm observed in the highest
resolution electron beam systems and contributes to the bias that is seen in positive resist
systems, where the exposed features develop larger than the size they were nominally

written. >’

2.1.5 Proximity Effect Correction

A major concern in EBL is pattern distortion due to proximity effects. Several
schemes have been devised to mimimize the proximity effect The most common process
for proximity effect correction 1s referred to as dose modulation, where each individual
shape in the pattern 1s assigned a dose such that the shape prints at its correct size. For
practical reasons, proximity correction 1s normally thought of in terms of the large pattern
areas receiving a base dose of unity, with the smaller and/or 1solated features receiving a

larger dose to compensate as necessary. If a pattern has a fairly uniform density and
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linewidth, all that may be requured is to adjust the overall dose until the patterns come out
the proper size.

A similar approach to dose modulation is pattern biasing. In this approach, the
extra dose that dense patterns receive 1s compensated for by slightly reducing their size
This technique can be implemented on all EBL systems, however 1t does not posses the
dynamic range that dose modulation has. Patterns that contain isolated features and very
dense features will have reduced process latitude compared with dose modulation as the
isolated features will be under-dosed and the dense features will be over-dosed Pattern
biasing cannot be applied to features with dimensions close to the scale of the scale of the
pixel spacing 1f the EBL system.

Higher beam voltages from 50 kV to 100 kV or more also minimize forward
scattering, although 1n some cases this can increase the backscattering Conversely, by
going to very low beam energies, where the electron range 1s smaller than the minimum
feature size, the proximuty effect can be eliminated The penalty 1s that the thickness of a
single layer of resist must also be less than the minimum features size so that the

electrons can expose the entire film thickness. 56,57
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2.2 EBL Systems

2.2.1 Overview of EBL Systems

Direct write systems can be classified into two general categories: raster scan and
vector scan with either a fixed or variable beam geometry. Raster scanning was used in
early EBL systems. In a typical system the beam first passes through a pair of blanking
plates that can deflect the beam 1into a beam stop. A second pair of plates 1s used to scan
the beam in one direction while the stage 1s mechanically scanned in the direction
perpendicular to the beam scan Using the raster scan method, every pixel must be
scanned serially, and thus the exposure time is nearly independent of the pattern. The
pattern is written by opening and closing the shutter

Vector EBL systems have been devéloped to improve throughput by directing the
electron beam to only those parts of the chip to be exposed. In this method the digital
location of each area to be exposed 1s fed to a series of digital to analog converters
(DAC). The speed of the DACs 1s a critical concern in determining system throughput for
vector scan systems. The beam 1s directed only to those pixels so as to minimize the time
consumed by beam deflection. By using high-speed DACs with wide words, each pixel
can be placed on an extremely fine grid without requiring the beam to access each
individual pixel.

A variable shape beam can be produced in either the raster scan or vector scan

system by partially intercepting the beam with a square aperture By changing the
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deflection the width and length of the line can be varied. Shaping in the x and y
directions can be done independently. An electrostatic rotation lens can be added to
produce rectangles at random angles This allows hundreds of pixels to be exposed

simultaneously *®

2.2.2 Leica Lithography Systems

The Leica Vector Beam (VB) systems constitute the high end of Leica’s EBL
systems The VB systems feature a thermal field emission electron source running at 100
kV. The pattern generator (PG) runs at 25 MHz and has a memory buffer capable of
storing repeated patterns, eliminating the need to retransmit them to the PG Thus ability
can significantly decrease the transmission overhead time when writing a large array of
simple figures Leica EBL tools are distinguished from those of other manufacture by
therr unique column design and scaleable exposure field size with 2!6 pixels across the
field The VB systems also include a glancing-angle laser height sensor for dynamic
focus/astigmation corrections. % The Leica VB6 boasts a mmmmum electron beam
diameter less than 5 nm allowng for the exposure of feature sizes less than 20 nm over
maximum field sizes of 655 pum on a side. Substrate positioning 1s monitored by a laser
mterferometry-based feedback system, capable of locating samples with 0 6 nm of

precision. &
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2.3 Advantages and Disadvantages of EBL

Direct write EBL systems of one form or another have become the standard
research tool for device fabrication below 100 nm The literature abounds with uses of
EBL to create traditional electronic devices, quantum effect devices, and structures for
the study of molecular monolayers and biological systems. This proliferation of EBL
processes 1s largely due to 1ts inherently high resolution and the relative ease with which
one can develop an EBL process. EBL does not rely on masks and the range of patterns
one can fabricate is diverse. EBL exposures can be used in combination with a variety of
pattern transfer techniques and can be performed on a large variety of substrates.

The major shortcoming of EBL 1s the notoriously long exposure time for large
patterns due to the serial nature of EBL systems. Direct write EBL systems offer no
means for exposing pattern features in parallel and, unlike photolithography, there 1s a
limit to the number of pixels a beam can expose at any given ttme This makes the
exposure time for EBL systems dependent on the pattern being exposed, rendering 1t
somewhat unpredictable As a consequence, direct write EBL 1s currently a viable option
only for the fabrication of small batches of devices for research purposes and is currently
incompatible with commercial fabrication lines requiring wafer throughputs above 50

wafers per hour.?!
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2.4 EBL Resists

Electron sensitive resists are the recording and transfer media for EBL In an
optical lithography process, the energy of the absorbing photon 1s well defined. In
contrast, a high concentration of secondary electrons with a wide range of energies 1s
produced on exposure to the electron beam. Rather than designing the resist so that a
single chemical reaction is driven by the exposure, an EBL resist must be designed so
that the desired reaction occurs preferentially, while recognizing that many reactions will
occur

The resists that are often used in EBL consist of long chain carbon polymers
dissolved in a liquid solvent Liquid resist is dropped onto the substrate and then spun at
1000 to 6000 rpm to form a uniform coating After baking out the casting solvent,
electron beam 1nduced wrradiation of the atoms on adjacent chains will cause them to
either be dissociated or to bond directly to each other depending on the chemical
composure of the resist The former process 1s known as polymer chain scission, the
latter 1s known as polymer chain cross-linking A material in which chain scission 1s the
dominant reaction during exposure 1s called a positive resist, as the exposed image 1s
washed away in a given developer solution Highly cross-linked molecules dissolve
more slowly 1n a developer solution and are used as negative tone resists Once the
pattern 1s defined 1t is then transferred to the substrate through an etching process or by

“liftoff” of material. In the liftoff process a material is evaporated from a small source

onto the substrate and resist. The resist 1s then washed away 1n a solvent such as acetone.
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A resist is evaluated on two criteria 1ts contrast and sensitivity for the exposure
type and energy. The sensitivity of the resist is defined as the point at which all of the
resist layer 1s removed Ideally, the film thickness would drop abruptly to zero at the
minimum dose required for eiposure, referred to as the critical dose In practice, the film
thickness line drops with a finite slope If D; is the largest dose at which no film is lost
and if D; is the dose at which all of the film 1s lost then we define the contrast y of the

resist by

] e

A higher contrast resist will usually afford increased flexibility 1n processing as well as a
more vertical sidewall profile. In order to help minimize bias and proximity effects,
positive resists will usually be exposed and/or developed as lightly as possible while still
adequately clearing the resist down to the substrate for all features A brief dry etching or
reactive 10n etch (RIE) step using an oxygen plasma following developing can assist in
removing undeveloped resist from the patterned area without significantly bloating the
feature size In EBL, at elevated operating voltages of 50 kV or more, 1t 1s possible to
make resist structures with very high aspect ratios However, when the aspect ratio
exceeds roughly 5:1, most resists undergo mechanical failure during development, due
primarily to surface tension in the rinse portion of the development sequence.®

The highest resolution resists are usually the least sensitive. This can be

explained when the limit of resist sensitivity is considered If a very sensitive resist has a
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critical dose of .1 pC/cm? and a single pixel is .1 pm on a side, then only 62 electrons are
needed to expose the pixel. At this sensitivity, even small changes in the number of
electrons will cause variations in the dose delivered to each pixel Decreasing the pixel
size will force the resist to be made less sensitive in order to avoid statistical variation m

the exposure

2.4.1 Polymethyl Methacrylate

Polymethyl methacrylate (PMMA) was one of the first materials developed for
use as an EBL resist. It is the standard positive resist and remains one of the highest
resolution resists available PMMA is usually purchased in two molecular weight (MW)
forms (496K or 950K) solubalized 1n a casting solvent such as chlorobenzene or anisole.
The casting solvent can be cured at 170°C by baking for 15min to an hour. In PMMA
both cross-linking and polymer chain scission occur however, electron beam exposure
induces scission at a much faster rate Exposed areas can be dissolved preferentially by a
developer such as methyl isobutyl ketone (MIBK). MIBK alone 1s too strong a developer
and removes portions of the unexposed resist. Consequently it 1s usually diluted by
mixing 1n a weaker developer such as 1sopropanol (IPA). A mixture of 1 part MIBK to
three parts IPA produces a very high contrast but low sensitivity developer By making
the developer stronger, for example 1-1, the sensitivity 1s improved significantly with

only a small loss of contrast &
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2.5 Liftoff Pattern Transfer

Liftoff pattern transfer is arguably the stmplest means of transferring the image of
an exposed pattern to the substrate. It involves no etching steps, requires only solvents
and an agitation source and can be very high resolution In liftoff processes a layer of
resist much thicker than the metal layer bemng deposited 1s spun and patterned Next a
thin layer of metal 1s deposited using a physical vapor deposition technique Thermal or
electron gun evaporation 1s typically chosen because it deposits a non-conformal film
unable to cover step edges of materials, unlike sputtering. If a re-entrant profile is
obtamned in the resist, a break 1n the metal is virtually assured. The wafer 1s then
immersed 1n a solution capable of dissolving the resist The metal lines that were
deposited directly on the substrate remain, while the metal deposited onto the resist lifts
off of the wafer as the resist dissolves Etch damage to the substrate is avoided and the
lines patterned with infinite selectivity with no undercut.®*

Different methods have been demonstrated for obtaining re-entrant profiles in
resist. Most commonly used 1s the bilayer resist technique that relies on the use of resists-
that have similar exposure characteristics but different development characteristics. One
simple way of achieving this 1s by using a bilayer of PMMA with different molecular
weights (refer to figure 2-2) The choice of a lower molecular weight on the bottom layer
with a higher molecular weight on top has been shown to be successful in the production
of ~10 nm features. The lower molecular weight will develop faster than the higher

molecular weight leaving the desired re-entrant profile
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high molecular weight PMMA
low motecular weight PMMA

substrate

exposure development deposition lift-off

Figure 2-2: Overview of the bilayer resist process for PMMA®
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2.5.1 Disadvantages of Liftoff Pattern Transfer

Liftoff processes do have several shortcomings that make them disadvantageous
in certain applications The first 1s that the surface topography must be very smooth,
since the metal deposition step is designed to have poor step coverage. The technology
therefore, must either be limited to one layer of metallization or each layer must be
planarized before liftoff patterning This effectively prevents the use of sputtering as a
deposition technique as 1t has excellent step coverage. The most serious problem with
Iiftoff is that the metal lifted off 1s retained 1n solid form and floats in the bath. Pieces are
very likely to deposit on the surface of the wafer accidentally Unless the patterns are

very simple, liftoff can have serious yeld impacts.“
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Chapter 3

Design of the DIMEND Structures

3.1 Background

The issues involved with fabricating electrode pairs suitable for the electrical
characterization of molecular junctions were discussed in chapter 1. In this discourse the
Photosystem I (PSI) reaction center was used as an example of a molecule with
orientation dependent electrical properties. These properties render the incorporation of
the PSI into metal/PSI/metal heterojunctions somewhat difficult when that metal on each
side of the junction 1s of the same material. It was also mentioned that 1f electrode pairs
could be fabricated of dissimilar metals that this problem could perhaps be eliminated. In
order to gain a deeper understanding of how this capability will facilitate the electrical
characterization of molecules with orientation dependent electrical properties, the
properties of the PSI reaction center will be examined The self-assembly techmques that
have been developed to control its orientation with respect to Au substrates will also be
discussed A brief review of self-assembly based metallic surface modification
techniques will be given followed by a detailed description of the design of the DIMEND

structures
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3.1.1 Structure of the Photosystem I Reaction Center

The photosynthetic apparatus 1n green plants and algae 1s contained in a unique
cellular organelle known as the chloroplast. A double membrane composed primarily of
thylakoids encloses the chloroplast The thylakoids contain stacked membrane disks
(grana) and unstacked membrane disks (stromal regions) Photosystem I (PSI) reaction
centers are embedded 1n the thylakoid membrane. These molecules are responsible for
driving the light dependent transfer of electrons from plastocyanin (a copper containing
soluble protein located 1n the luminal space of the chloroplast thylakoids) to ferredoxin (a
[Fe-2S]-containing soluble protein located in the chloroplast stroma) 67

The PSI reaction center has been measured by electron microscopy to be 10nm x
15 nm, or 7 nm x 12 nm after correction for attached detergent used to stain the
molecules.®® It has been shown that platinum can be precipitated on the surface of
photosynthetic membranes, thereby making direct electrical contact with the acceptor
side of the PSI®, where it can either catalyze hydrogen evolution or drive photocurrent
through an external circuit 7 1t was also demonstrated that PSI reaction centers can be
platanized without altering their intrinsic photo-excitation dynamics and imtial electron

transfer reactions.”!
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3.1.2 Preferential orientation of the PSI and Electrical Characteristics

The attachment of platinum to the acceptor side of the PSI has been shown to
significantly affect its electrical properties. This can be observed by a sustained steady-
state vectorial flow of current through the molecule Using scanning tunneling
spectroscopy (STS) a band-gap was clearly seen in unmetallized PSI while platinized PSI
was shown to have a current rectification property analogous to a semiconductor PN-
juntion diode 7* The exact mechamsm for these electrical properties 1s not known. The
PSI reaction center has an oxidizing potential of about +.4 V at the electron donor side
and a reducing potential of about - 7 V at the acceptor side” The asymmetry of the I-V
curve may be due to either a difference 1n electronic energy or a difference in the
tunneling distance for each end.

Thiol-based molecular self assembly techniques have been employed to anchor
two dimensional arrays of PSI onto a Au{111} substrate and obtain controllable
orientation. Gold substrates immersed in 10 mM solution of mercaptoacetic acid, 2-
dimethylaminoethanethiol or 2-mercaptoethanol for 30 s to form a negative, positive or
hydrophilic surface, respectively have been studied Following incubation in PSI
solution for 12h the coverage of PSI molecules on each substrate was analyzed with both
atomic force microscopy (AFM) and STM and found to be highly dependent on the
modification performed on the Au surface L

The coverage of three 1 um x 1um areas were examined on each type of modified

Au substrate and then averaged. The Au surface treated with mercaptoacetic acid was
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shown to be covered 65 + 7 % with PSI. This chemical treatment was designed to
terminate the Au surface with negatively charged end groups that could attract and orient
the PSI. Previous studies have shown that the polar regions (both ends) of the PSI are
positively charged75. Very little PSI coverage was found on the 2-dimethylamino-
ethanethiol, 5 = .7 %. This treatment effectively terminated the surface with positively
charged end groups Substrates treated with the 2-mercaptoehtanol were found to have
an average coverage of 70 £ 11 % with PSI. This treatment was used to terminate the
surface of the Au with end groups that form H-bonds with PSI 7

Scanning tunneling spectroscopy techniques’’ were employed to determine the
orientation of the PSI on the chemically modified Au substrates detailed above. STS was
performed on 100 individual PSI reaction centers in a 200 nm x 200 nm area on each of
the three types of substrates. If a PSI is oriented with 1ts electron transport vector (ETV)
parallel to the substrate surface a semiconductor-like I-V curve with a band gap of ~1 8
eV can be observed. If a PSI 1s anchored with 1ts ETV perpendicular to the gold surface
a diode-like current rectification I-V curve can be observed. Note that the orientation of
the PSI is described as “up” if the ETV 1s oriented from the substrate to the STM Tip and
“down” if the ETV is oriented from the STM tip to the substrate The results of these
experiments are shown in Table 3-17%. From this data it was concluded that 2-
Mercaptoethanol is capable of orienting the PSI in an up position on the Au substrate
while Mercaptoacetic acid 1s capable of orienting PSI in a parallel position with respect to

the substrate.
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Table 3-1: Orientation Statistics of the PSI on Treated Au Surfaces

Surface treatment Up (%) | Parallel (%) | Down (%)
Mercaptoacetic Acid 9 83.1 7.9
2-Dimethylaminoethanethiol 31.2 327 36.1
2-Mercaptoethanol 701 28.4 1.5

estimated error: 10%

3.2 The DiMEND Structures

3.2.1 Self Assembled Monolayers on Metallic Substrates

It is clear from the research performed on preferentially orienting PSI on flat Au
substrates that alkane-thiol self assembled monolayers (SAM) can be used to control the
deposition of PSI onto Au structures Alkane-thiols on Au are one of the most widely
studied SAM systems discussed 1n the Iiterature. A significant amount of research has
also been done on SAM coverage of non-Au metallic substrates ”° This body of work has
shown that thiol-based SAMs, while being very effective on Au®’, Pt¥!, Ag*? and Ccu®
substrates, exhibit poor coverage on metals that produce an oxide®®, such as T1and Al It
has also been shown that nitrile based SAMs are effective in covering Pt while showing

little preference for Au ®* Once covered, these modified Pt substrates show almost no

affinity for the thiol-based SAMs.
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Using the data on SAM coverage of metallic substrates presented in the literature,
dissimilar metal electrodes with nanometer mterelectrode distance (DIMEND) were
designed to electrically characterize the PSI molecule These electrode pairs contained
one Au electrode that could be used to control the deposition and orientation of the PSI
by covering it with a 2-mercaptoethanol SAM. The material of the second electrode was
chosen such that it would either be unaffected by the 2-mercaptoethanol SAM or be
capable of being chemically altered to resist coverage by thiol-based SAMs (refer to

figure 3-1).

3.2.2 Bulk PSI Measurement Structure

The first DIMEND structure was designed to examine the electrical properties of
a bulk sample of oriented PSI reaction centers. These structures consisted of a dissimilar
metal electrode pair with T-shaped tips extending 300 pm wide and separated by a
distance suitable for making direct contact to the PSI These electrodes were each
connected to a 250 um x 250 um probing/wire-bonding pad to facilitate electrical
characterization and packaging of these structures (refer to figure 3-2)

As stated previously, one of the electrodes on each of the designed structure was
fabricated of Au, providing a mechanism for using the 2-mercaptoethanol to control the
deposition and orientation of the PSI In theory, the step edge of the Au electrode tip
should provide enough surface area for the PSI to self-assemble onto the 2-mercapto-

ethanol SAM By depositing a layer of Au 30 nm thick the surface area of the electrode

49



PSI Thiol-based Self
' / Assembled Monolayer

Metal Resistant to
Thiol

Figure 3-1: Diagram of PSI self-assembled with thiol-based SAM to Au electrode in a

DiMEND structure
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Figure 3-2: Diagram of the designed bulk PSI measurement structure
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tip should be 9 umz. Assuming that there would be at least 100 PSI reaction centers in a
200 nm x 200 nm area, the possibility of having 2.25x10* reaction centers in parallel is
created.

The 1deal 1nterelectrode distance for making direct contact to the PSI is on the
order of 10 nm. The electric field developed across this gap by electrostatic discharge
could potentially destroy the electrode structure. In order to minimize the risk presented
by ESD a resistor was incorporated into the structure design, connecting the two bonding
pads together Before making a measurement this resistive path can be opened by

severing its connection to one of the pads with a diamond scribe

3.2.3 Single PSI Measurement Structure

The second DiMEND structure was designed to measure the electrical properties
of a limited number of PSI reaction centers. This structure was designed to have
rectangular tip geometry with a tip width of 50 nm and an interelectrode distance suitable
for contacting both ends of the PSI By choosing the material of one of the electrodes to
be Au, the use of 2-mercaptoethanol should allow preferential deposition and orientation
of the PSI Using a 30 nm thick layer of Au and assuming that there are at least 100 PSI
in a 200 nm x 200 nm area, as few as 4 PSI could potentially be present in the
interelectrode gap. The same bonding/probing pad and ESD protection resistor scheme
presented for the bulk PSI measurement structure were used in this structure (refer to

figure 3-3).
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Figure 3-3: Diagram of the designed single PSI measurement structure
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3.2.4 Four Terminal PSI Measurement Structure

The third and final DIMEND structure was designed to demonstrate the
possibility of employing the current rectification properties of the PSI reaction center to
realize a Boolean logic function via diode-resistor logic This was to be accomplished by
fabricating a Au electrode and at least two other dissimilar metal electrodes within an
interelectrode distance suitable for making electrical contact to the PSI.

In the designed structure three dissimilar metal electrodes surrounded the tip of
the Au electrode 1n a cross-like fashion (refer to figure 3-4). Three electrodes were used
mstead of two to maximize the probability of successfully realizing the desired electrical
configuration. The geometry of the electrodes was identical to that of the single PSI
measurement structure, creating the same surface area restrictions thus limiting the
number of active PSI reaction centers involved 1n a working device.

The ESD protection scheme for this structure differed slightly from that of the
other two DIMEND structures 1n that 1t was necessary to couple all four terminals This
was realized by placing a resistor between each of the pads forming a conductive ring

around the structure
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Figure 3-4: Diagram of the designed four terminal PSI measurement structure.
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Chapter 4

Fabrication of the DIMEND Structures: Methods and Materials

4.1 Overview of the DIMEND Process

The DIMEND fabrication process involves several successtve direct-write EBL
and PVD metallization steps. An overview of the process flow for a single patterming and
metallization step is provided in figure 4-1 It should be noted that this process does not
rely on any novel or unique processing techniques beyond the high resolution EBL

patterning, which is fairly standard.

4.2 Sample Preparation

The substrates used throughout this work were 3” p-type Boron doped Si <100>
wafers with a resistivity of 10-20 Qcm  These wafers were passivated with 2000 A of
thermally grown S10,. Prior to any processing, an initial inspection of the quality of the
oxide was performed using an optical microscope After ensuring that the oxide was
relatively free of gross defects, the wafers were immersed 1n an acetone (ACE) bath and
placed 1n an ultrasonic cleaner for 2 minutes After this cleaning, the wafers were
removed from the bath and rinsed 1n 1sopropanol (IPA) and blown dry with a high-

pressure jet of dry, filtered N».
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Substrate: 3” p-type Si wafer with 200nm of SiO,
oxide

Figure 4-1: Diagram of the process flow for a single EBL patterning and metallization

step.
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4.3 Resist Process

A bilayer of poly(methyl methacrylate) (PMMA) was used as the electron
sensitive resist in this process. The lower layer of PMMA consisted of 2% 496K PMMA
in chlorobenzene, the upper of 2% 950K PMMA 1n methyl 1sobutyl ketone (MIBK)
Each layer was spun onto the wafer at a speed of 2000 rpm for 60 s to provide layers of
roughly 800 A thickness For each resist layer, approximately 0 2 ml of PMMA was
deposited onto the center of the wafer followed by immediate activation of the spin
coater. This 1s a well-established protocol for generating coatings of uniform thickness
Disposable plastic pipettes were used to deposit the resist onto the wafers Each pipette
was blown clean with dry N to avoid contaminating the resist layers with foreign
particles After each coating step the wafers were baked on a 170 °C hotplate for 15
munutes 1n filtered room air to cure the casting solvent Great care was taken to achieve
particle free coatings of resist for both layers Wafers that showed any evidence of
uneven layers due to surface contaminants (dust, hairs, fibers, etc.) or poor spinning
practice were stripped clean and processed again until an acceptable bilayer coating had

been achieved
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4.4 Alignment Level

4.4.1 Patterning of the Alignment Level

Following the resist coating process, wafers were blown clean with dry N placed
into the 3” wafer cassette for the VB6 and loaded into the machine for the first level of
patterning. At this time the electron beam current was programmed on the VB6 by
loading the desired value from a current database file. This file contained the parameters
required by the electron column to achieve the desired value of current. For the
alignment level patterning step a value of 12 nA was used with a pixel size of 20 nm.
After allowing the VB6 to adjust to this current, the current was verified by measuring it
with a faraday cup located insuie the column. Exposures were performed at a fixed dose
of 800 pC/cm?.

This layer consisted of a grid of alignment mark patterns spaced by 5 mm in both
the x and y directions. Initially arrays of 11x11 were patterned on the wafers. However,
it was found that using a grid of this size and pitch resulted in patterning defects in the die
present at each corner of the array. These defects were caused by the VB6 attempting to
write features beyond the physical boundary of the wafer. As a consequence 10x10
arrays were used for the bulk of the wafers processed in this work.

The alignment mark pattern consisted of a set of twelve 10 um wide octagons and eight 4

um wide, 300 pm long rectangular lines arranged as shown in figure 4.2. The rectangles

and the outer most set of four octagons constituted the wafer level alignment marks on
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each die The location of the octagons with respect to the center of the alignment mark
pattern is shown 1n figure 4.2 These octagons were used to remap the coordinate system
of the VB6 onto the coordinate system of the wafer before each exposure The
rectangular lines were used to facilitate the process of locating the octagons 1n the optical
and electron microscopes used 1n the alignment process. The other eight octagons were
contained within a single 300 um wide square centered about the relative origin of each
die. The centers of these octagons were placed at the points of two concentric squares
with sides of 125 um and 100 um centered at the origin These marks were used to

accurately align exposures within a single 300 pm by 300 pm field, referred to as the fine
field Four marks were used per registered exposure in the fine field For the DIMEND
process two registered exposures in the fine field were required giving the need for eight
octagonal marks.

The first layer of patterning required no registration to pre-existing features on the
wafer Ths type of lithography step 1s referred to as an unregisterd exposure, one where
the VB6 1s not aligning to a predefined pattern. The pattern written in thus first layer
served this purpose in all subsequent exposures. For unregistered exposures the VB6
maps the center of the wafer to a relative coordinate position of 0,0 on a Cartesian plane.
It then moves or “steps” to each specified location and exposes the given pattern without
realigming For the 10x10 arrays, of devices the starting position of the array was given

as (-22 5 mm, -22 5 mm) to produce a symmetric distribution of die across the wafer.
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Figure 4 2* Diagram of the alignment mark layout used in the EBL patterning steps
showing the relative position of the four wafer level marks to the center of the die The
centers of the eight octagons 1n the fine field are contained on two concentric squares
centered at the origin. The outer four are contained on a square with 125 pm sides; the

mner four are contained on a square with 100 pm sides
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4.4.2 Development of the Alignment Level

Following the alignment level patterning, the wafers were removed from the VB6
and placed into clean fluoroware containers. All exposures were developed m a solution
of IPA MIBK 3 1 for 1 minute, rinsed thoroughly 1n IPA to dilute residual traces of
MIBK and then blown dry in a jet of N This relatively weak mixture of developer 1s
typically used in processes with deep submicron features as 1t affords a tighter degree of
control over the development process

The developed exposures were then inspected with an optical microscope The
defimtion of the patterns was observed and the quality of the development was judged.
Often when using a weak developer, features will not develop completely in an exposed
area, leaving a residue on the order of 10 A of undeveloped PMMA inside the developed
pattern area Failure to remove this layer can result in adhesion problems during pattern
metallization, and electrically shorted or opened metal traces. Removal of this layer was
performed using a brief reactive ion etch (RIE) step, commonly referred to as
descumming In this process an O, plasma 1s used to anisotropicaly etch the undeveloped
resist layer from the exposed pattern area without grossly affecting the pattern defimtion
The oxygen flow mto the chamber was fixed at a rate of 30 sccm at a chamber pressure of
10 miliTorr, a plasma power of 0 25 W/cm?* was used. Depending on the quality of the

developed resist etch times between 6 s and 10 s were used
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4.4.3 Metallization of the Alignment Level

Following the RIE step the wafers were then inspected with an optical microscope
to judge the effectiveness of the descum process If no traces of residual resist could be
identified at 1000x magnification the wafers were blown clean with dry N3 to remove any
surface contaminants and then loaded 1nto a physical vapor deposition system

The alignment system of the VB6 uses a backscattered electron detector mounted
1n the objective lens of the electron gun system For this reason, a reasonably thick layer
of Au is desired for alignment mark metallization to insure a high contrast, high
definition set of marks A 50 A layer of Cr was thermally evaporated at a rate of 5 A/s
onto the wafer to provide a strong adhesion layer between the S10, surface and the Au
layer. 950 A of Au was then deposited thermally at a rate of 10 A/s Samples were
allowed to cool for five minutes in vacuum following the final film deposition and then
removed from the evaporator chamber.

Metallized substrates were then placed mn a solution of ACE-Methylene Chloride
11 Both of these solvents serve to dissolve the layer of unexposed PMMA and 1n effect
remove the metal layer deposited on the unexposed areas of the wafer The metal
deposited into the exposed areas of the pattern 1s bonded to the substrate material and
remains relatively unaffected by this process After a soak in this solution for roughly 1
hr, the beaker containing the solutton and the wafer was moved to an ultrasonic cleaner.

Ultrasonic agitation was applied for 30 s
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Following removal from the ultrasonic bath, the wafer should be free from most
of the unwanted metal and PMMA, leaving behind metal only in the patterned areas The
wafer was carefully removed from this solution while being continuously rinsed with a
jet of fresh ACE Great care was taken to ensure that no pteces of metal from the bath
remained on the wafer; unwanted metal can detract from process yield by effectively
depositing metal at random locations on the wafer While rinsing with ACE, the wafer
was transferred to a fresh beaker of ACE. At this time the wafer was either left for a
longer amount of time to soak or 1t was placed into the ultrasonic cleaner If ultrasonic
cleaning was repeated, it was done so for 30 s or less The wafer was then removed from
the beaker while being rinsed with IPA, agamn making certain that no stray metallic debris
were present on the surface of the wafer A high-pressure N, jet was then used to blow
the wafer dry The wafer was placed into 1ts fluoroware receptacle until metrology could
be performed

Examination of the alignment level metallization was performed with an optical
microscope, as the pattern features did not fall below 1 um. The quality of the metal was
inspected while scanning for the presence of metal debris from the hiftoff process or from

damaged areas of the resist.

4.5 The First Registered Layer

The first registered exposure performed in the DIMEND process originally

included two exposures at different beam currents in the same layer of resist that would
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both be developed at the same time and metallized with Au. These two exposures can be
broken down 1nto the coarse features (bonding pads, macroscopic leads and the ESD
protection resistor) and the fine features (the Au electrode of the DIMEND) This was
done to enhance process throughput It was found however that this approach created
problems with the integrity of the second electrode as will be discussed 1n Chapter 5.
Consequently these two patterning steps were split into separate events in subsequent
process runs. The bulk of the structures fabricated in this work were done so by
combining these two exposures 1nto a single level of patterning This chapter will discuss
the DIMEND process using this method. The changes to the exposure process will be

discussed in Chapter 5

4.5.1 Patterning of the First Registered Layer: Coarse Features

Prior to resist coating, the wafer was placed onto the spin coater chuck. The
spinner was then engaged, but resist was not applied at this time Instead, streams of
ACE and then IPA were used to clean the wafer while 1t was revolving and then left to
spin dry. Thus 1s a proven method for cleaning the wafer surface without using additional
ultrasonic agitation, which can damage submicron metallization on the wafer

The wafer was then coated with the same bilayer resist technique described 1n 4.2,
blown clean with N, and then placed into the 3” wafer cassette The cassette was

mounted on a microscope with a precision xy locator stage A reference mark on the

cassette composed of a 10 pm diameter circle, referred to as circlel, was located and then
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mapped to the position 0,0 by resetting the value of the stage location indicator. From
this location the lower left octagon in the lower left alignment mark 1n the grid of
alignment marks on the wafer was located manually. This mark was referred to as focus
mark 1 (FM1). The relative position to circlel from FM1 was recorded and the locator
was set back to 0,0.

By design, the center of the wafer 1s located at (23 mm, 22.75 mm) relative to
FM1. Using the manual stage controls, the center of the wafer was located and the
location indicator was reset to zero The upper left octagon in the upper left alignment
mark, referred to as FM2, was located and 1ts position relative to the center of the wafer
was recorded, this process was repeated for the upper right octagon in the upper right
mark, referred to as FM3. The wafer was then blown clean with a jet of N> while
remaining 1n the cassette to minimize any debris present on the surface of the resist
coating The cassette was then loaded into the VB6

The integrated scanning electron microscope (ISEM) system on the VB6 was
used to locate the circlel reference mark located on the cassette By moving the stage of
the VB6 relative to circlel, FM1 was located. A file created to align the VB6 to
prepatterned alignment marks on the wafer was then used to map the coordinate system
of the stage onto the coordinate system of the wafer This file requires inputting the
locations of the marks found 1n the optical locator microscope It then used the ISEM to
locate the marks and automatically adjust the coordinate system of the stage until the
error between the anticipated location of the given alignment mark and the actual location

of the mark was mimmized At the completion of this file a calibration of the VB6,
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referred to as a jobcal, was performed. This procedure ran a diagnostic of the column and
then adjusts various elements of the electron optical system until the specified operating
point 1s obtamned. Once this was completed the file which controls the exposure, referred
to as a job file, was run

In this exposure the pattern for the bonding pads, macroscopic leads and the ESD
protection resistor was written For this exposure, 1dentical values for the beam current

and pixel size to those given in 4 2.1 were used A dose of 850 uC/em?® was used for the

bonding pads and macroscopic leads while a dose of 1500 pC/cm”* was used in the

exposure of the ESD protection resistor

4.5.2 Patterning of the First Registered Layer: Fine Features

After the exposure was completed, the beam current was then lowered to 1.7 nA
and the pixel size was set to 5 nm for fine feature patterning The VB6 was then
realigned to the same set of marks used for the coarse feature patterning to eliminate any
errors caused during the stage travel in the coarse exposure Following this alignment,
another jobcal was performed with the new value of the beam current Upon completion
of the jobcal, the job file for the exposure of the fine Au lead was performed A dose of
2000 pC/em® was used 1n this exposure. Following the exposure, the cassette was
removed from the VB6 and the patterned wafer was removed from the cassette.

The wafer was developed using the same process described previously i 4.2.2

The pattern was mnspected with an optical microscope and a descum was performed as
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needed. The wafer was blown clean with dry N, and placed into a CVC SC4500 physical
vapor deposition system. This piece of equipment was designed to facilitate the
deposition of metals for liftoff processing. It 1s capable of thermally evaporating material
from one of three resistive heating sources that can be positioned inside the deposition
chamber to be located directly underneath the substrate holder This eliminates the
problems known as “shadowing” which can occur when the resist sidewall profiles act
like physical evaporation masks. The SC4500 also has an electron gun evaporation
system with a four source holder, further extending the range of materials that this system
1s capable of depositing

The final feature of the SC4500 worth noting is the position of its deposition rate
monttor. This device 1s located below the shutter that blocks the wafer from the
evaporation source which allows the deposition rate of the evaporated material to be
established before the shutter 1s opened. The evaporation rate effects the grain size of a
deposited thin film When metallizing patterns with features less than 100 nm with
matenals such as Au, which has an inherently large grain structure, 1t 1s necessary to
control this rate prior to opening the shutter. The ability to realize these deep submicron
features accurately is somewhat dependent on this

For the Au metallization, 75 A of Cr was thermally evaporated at 5 A/s using a Cr
rod source. Following this, 300 A of Au was thermally evaporated at 10 A/s using
resistive heating of a tungsten boat After this metallization was completed, the wafer
was allowed to cool inside the vacuum chamber for 5 minutes prior to venting. The

sample was then transferred into a beaker containing a solution of Methylene
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Chlonide.ACE, 1:1. The sample was left to soak for at least an hour and then a liftoff of
the deposited material was performed as described previously 4 2.3.

An optical inspection of the large features was carried out using an optical
mucroscope. The probing pads, resistor and wide Au leads were inspected for damage at
random points across the wafer. The sample was examined using a LEO 982 scanning
electron microscope (SEM). After sampling random die on the wafer and judging the
adhesion of the fine Au electrodes the sample was subjected to a brief descum process to
remove any surface contamination generated during the SEM 1maging. The value of the
ESD protect resistor was also measured at this time using a Karl Suss manual probe

station and Keithley source measurement units (SMU).

4.6 Patterning of the Second Registered Layer

Following this cleaning, the sample was coated with a bilayer of PMMA as
described above After completing the resist coating process, the substrate was placed
mnto the 3” wafer cassette and loaded onto the alignment microscope Alignment marks
were 1dentified 1n a stmilar manner as described previously The location of the upper
right octagon in the lower left alignment mark, the lower left octagon on the upper left
alignment mark and the lower right octagon on the upper right alignment mark were used
1n this process. The sample was then blown off thoroughly with dry N, and the cassette

was then loaded into the VB6
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After locating the necessary alignment mark on the cassette and executing the
alignment file for the second metal electrode exposure, the jobcal was performed and the
pattern was exposed using the same beam current, pixel size and dose described
previously for the fine geometry Au electrode patterning. The values of the beam current
before and after the exposure were recorded. Following the exposure the sample was
removed from the VB6, removed from the cassette, developed and descummed as
described previously in this chapter. Metallization of the second non-Au electrode was
performed using techniques similar to those described previously The second metals
mcluded electron gun evaporated Pt, Pd and Ti and thermally evaporated Al. For Pt and
Pd deposition, a 275 A layer of the respective metal 1s deposited onto a 75 A adhesion
layer of Cr. T1 and Al were deposited directly onto the substrates 1n 350 A layers without

an adhesion layer.

4.7 Post Processing of the DIMEND Structures: Metrology

The finished structures were then examined in the LEO 982 SEM. After
calibrating the measurement feature of the SEM to a grating with a 200 nm period,
critical measurements of the interelectrode distances were measured and recorded across
the wafer Further metrology of the electrode topology was carried out by atomic force

microscopy (AFM) using a Digital Instruments Multimode AFM in the tapping mode
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Chapter 5

Results and Discussion

5.1 Bulk Measurement DIMEND

The 1deal interelectrode distance for characterizing the bulk electro-optical and
electrical properties of the PSI was unknown at the time of structure fabrication Asa
consequence this distance was varied over a range from 10 nm to 50 nm by incrementally
changing the placement of the non-Au electrode between 40 nm to 90 nm with respect to
the Au line during patterning The reduction in nterelectrode distance seen between the
specified pattern and the physically realized structure is a result of proximity effect and
bloating of the patterned resist as a consequence of the RIE steps Wafers with 11x11
arrays of devices were written such that the interelectrode distance changed from column
to column of every row where an entire column was patterned to have the same
dimensions. Figure 5-1 shows an example of the smallest interelectrode distance of this
structure that could be reproducibly fabricated using this process.

Figure 5-2 shows the fabricated interelectrode distances measured (SEM, Leo
982) for these structures as a function of the patterned distance The data used 1n each of
these plots 1s the average taken from three rows of devices from the same process run; the
standard deviation in both plots was less than 20% The mterelectrode distance was

found to vary less than 20% in measured sections of each device, however local
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10.2 nm

- 100nm -

Figure 5-1: Example SEM mircrograph of the smallest interelectrode distance
reproducibly fabricated for the bulk effect measurement DIMEND structures. The upper

lead shown in this image is Au, the lower lead is Pt.
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Fabricated with a Single RIE Step
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Figure 5-2: Measurements of the mterelectrode distance of the bulk measurement
DiMEND structures as a function of the patterned interelectrode distance (A) Represents
data taken from structures that only experienced one RIE step during processing (B)
Displays data taken from structures that underwent RIE prior to both metallization steps
While the control of the interelectrode distance is somewhat degraded by this process, the

minimum distance was decreased by an average of 5 nm
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constrictions and sites with larger separations were periodically observed most likely due
to liftoff effects. It is clear from this data that the interelectrode distance of this structure
is controllable in roughly 5 nm mcrements

The plot shown in 5-2(a) represents data taken from structures that only
experienced one RIE step during processing (prior to the metallization of the Pt line).
The first two data points in 5-2(a) show that the placement of electrodes at distances less
than 50 nm resulted 1n shorted electrode pairs where no gap could be observed over a
significant distance. The degraded control of the interelectrode distance indicated by the
plot shown 1n 5-2(b) is most likely attributed to the use of RIE prior to both metallization
steps The RIE process introduces some uncertainty into the control of the interelectrode
distance. However, this aspect of the process plays a role in allowing the fabrication of
electrodes at distances on the order of 10 nm for this structure. This is suggested by the
decrease in minimum 1nterelectrode distance achieved between the two process runs
shown 1n 5-2(a) and 5-2(b); both were patterned at a S0 nm separation

An entire wafer of these structures with interelectrode distances ranging from 10
nm to 30 nm was fabricated using RIE prior to both metallization steps. From this wafer,
a yield of better than 80% was observed. The most common mode of structure failure
was shorted electrodes, occurring most frequently in the first and second columns. Of
these columns, only 50% of the devices were found to be useable Shorted electrode
pairs were often shown to exhibit high series resistances greater than 10 MQ indicating
that conduction was occurring at a limited number of points along the 300-pm length of

the parallel electrodes. During process development 1t was found that electrode shorting
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due to lithography errors resulted in series resistances of less than 10 KQ. This implies
that the main mechanism of electrode shorting on this wafer 1s not related to the
lithography and can most likely be attributed to liftoff effects In particular it was found
that the deposited metal had a tendency to bridge the electrode pair at the ends during
liftoff This problem was addressed m the production of this wafer by changing the CAD
pattern for the electrode pair to include beveled edges (refer to figure 5-3).

The leakage current between the electrodes of useable structures throughout the
fabricated size range was measured to be in the femtoampere to picoampere range at bias
voltages of - 7 Vto .7 V These measurements were performed using an HP 4156
Precision Semiconductor Parameter Analyzer and a Signatone probe station Leakage
paths were occasionally created during the removal of the ESD protection resistor trace
This was attributed to metal from the trace making contact to the Si substrate on one or
both sides of the scribe mark This problem was avoided by taking care not to apply too
much pressure during the removal of the trace

One flaw in the original DIMEND process was brought to light while attempting
to package the structures using thermosonic Au ball wire-bonding. During the bonding
process, the non-Au metal electrode would become damaged at the point where 1t
overlapped the macroscopic Au trace that formed the connection from the fine geometry
electrode to the probing pad (refer to figure 5-4). This was believed to be a consequence
of the mechanical instability created by depositing a thin metal film via PVD over the
step edge created by the predefined macroscopic Au electrode. This hypothesis was

supported by the fact that the fine geometry Au electrode was never found to be damaged
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Figure 5-3: SEM micrograph of the end of an example bulk measurement DIMEND
structure showing the beveled electrode edges. This change in the CAD pattern helped to

prevent the electrode pairs from being shorted out by metal debris during lift off.
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Figure 5-4: AFM scans of the interface between the non-Au electrode and the
macroscopic Au lead. In (A) a structure before wirebonding is shown, (B) shows this

same structure after wirebonding. The damaged point is circled.
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during this procedure The major difference between the fabrication of the Au and non-
Au electrodes was that the Au electrodes were patterned and metallized at the same time
as the macroscopic Au leads, avoiding the creation of this point of mnstabihity.

In order to package these structures, a wirebonding process that did not use any
form of excessive mechanical agitation was developed. This involved using a conducting
epoxy (Tra-Con Bipax Silver Epoxy) to physically glue wires to the probing pads on each
structure (refer to figure 5-5). This process was time consuming and difficult to master

but was never found to damage the electrode paur.

5.2 Single PSI Measurement DIMEND

Two different methods were used to fabricate the single PSI measurement
electrodes. The first method utilized the DIMEND process as discussed in Chapter 4.
The second method incorporated two changes in order to make the process more robust,
thereby realizing structures that could be reliably packaged using standard wirebonding
techmques. The first change was the creation of a third registered EBL patterning step
through the separation of the coarse and fine feature exposures 1n the first patterning step
discussed in 4 3. The process flow was modified such that the fine geometry electrodes
were patterned and metallized prior to the patterming and metallization of the bonding
pads, macroscopic leads and the ESD protection resistor The second change was to the
CAD pattern of the fine geometry electrodes. This change will be discussed 1n greater

depth later 1n this chapter
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Figure 5-5: Epoxy Packaging Technique. (A) The die is fixed to the package with
conducting silver epoxy. (B) The probing pads are partially coated with the epoxy to
increase the size of the contact area. (C) Partial wire bonds are made to the package
without terminating the bond on the die. (D) Tweezers are then used to place the bond on

the epoxy coated pad. Additional epoxy is then used to fix the bond in place.
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5.2.1 Results Using the Original DIMEND Process

The single PSI measurement structures fabricated using the original DIMEND
process were designed to have a 10 nm 1nterelectrode distance, which was thought to be
the ideal interelectrode distance for making direct electrical contact to a limited number
of PSI biomolecules Smaller interelectrode distances were fabricated to find the lower
limat of this process by varying the interelectrode distance from column to column as
described in 5.1. Four different sets of electrodes of this variety were fabricated, each
containing one electrode of Au and a second electrode of Pt, T1, Pd or Al Wafers with
two 5x10 arrays of structures were fabricated where the upper and lower arrays were
created in different process runs.

The production of this second set of DIMEND structures presented a different
host of processing issues compared with the first There was no need to provide manual
correction for proximity effect in the placement of the two electrode tips. The
nterelectrode distance specified 1n the pattern generation file for the VB6 was less than
15% different from the physically realized structure and often exactly the same for
distances of 10 nm or more. Adhesion of the fine geometry electrode metal became an
issue and detracted significantly from the initial process yield of less than 30%. It was
found that this was largely due to excessive ultrasonic agitation during liftoff. Reducing
the time of the ultrasonic agitation to 30 s or less provided adequate removal of the
PMMA without mtroducing significant damage to the electrode pairs. Finally, it was

found that the ability to achieve the desired electrode tip geometry was primarily a
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function of the metal grain size. This was particularly difficult to control in the case of
the Au electrode as this material exhibits an mnherently large grain structure when
deposited via thermal evaporation Evaporation rates of 10 A/s in a vacuum of 1x107
Torr were found to yield acceptable results.

The high level of correlation between the designed and physically realized
interelectrode spacing observed in the fabrication of the bulk measurement DiIMEND
structure was not seen in the fabrication of single PSI measurement DIMEND. As noted
previously, the majority of the structures were designed to have an interelectrode spacing
of 10 nm, and this was reflected in the y1eld of the optimized process However, the
linear trend across rows where the interelectrode distance was changed incrementally was
not observed. The overall structure yield per process run was close to 70%, with
adhesion problems remaining as the dominant process variable This resulted in either
discontinuous electrodes or nterelectrode distances greater than 15 nm, exceeding the
range of interest. These difficulties may be attributed to the design of the electrode
geometry The electrodes were patterned as simple 75 nm wide rectangular lines that
extended over 50 um Features this fine that extend over several microns are typically
difficult to fabricate 1n high yield as the probability that defects in the features will occur
scales with the length of the features

Measurement of the interelectrode distance via SEM was necessary to 1dentify
useable structures Thus detracted from the process throughput and raised issues about
sample contamination. O, plasma cleaning of the structures was found to sufficiently

remove contamination without damaging the electrodes at the cost of added process
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complexity Interelectrode distances of 6 nm were reproducibly fabricated and measured
using two different SEM systems (Leo 982 and Hitach1 S4700) An example of such a
structure is shown 1n figure 5-6. Electrode pairs with smaller interelectrode spacing
could not be measured clearly in either SEM However, electrical measurements made
on these structures indicate that they are electrically 1solated, showing interelectrode
currents 1n the femtoampere to picoampere range at bias voltages of -.7 Vto 7 V. This
puts the lower bound of this process somewhere below 6 nm, and is yet to be determined.
These structures were even more difficult to package then the bulk measurement
D1MEND. In addition to the mechanical instability of the overlap between the non-Au
electrode and the macroscopic Au leads, the tips of the electrodes also proved to be
mechanically unstable. Thermosonic Au ball bonding and Al wedge bonding to the Au
electrode resulted 1n obliteration of the electrode tip (refer to figure 5-7) This problem
relates to the CAD pattern for the fine geometry electrode Structures with wider leads
(200 nm and greater) had been packaged without damaging the electrode tip in previous
expertments Also, structures with angular bends or kinks 1n them had been packaged
using standard wirebonding technmques (refer to figure 5-8) The CAD pattern for these
electrodes had neither of these features The epoxy-based wirebonding technique was
successful in packaging these structures Once again, 1t should be emphasized that this

process is both difficult and tedious.
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Figure 5-6: Example SEM micrograph of the smallest reproducibly fabricated single PSI

measurement DIMEND using the original process.



Figure 5-7: SEM micrograph of a single PSI measurement DIMEND after wirebonding.
The obliterated lead at the top of the image is the Au electrode tip. Note that the non-Au
electrode is not damaged at the tip. This electrode was damaged at the macroscopic Au’

lead/non-Au fine geometry electrode interface, preventing it from being damaged at the

tip.
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Figure 5-8: SEM micrograph of the three terminal structure after wirebonding. The
mechanical instabilities seen in the previous structures have been avoided due to the 45°
bend in the leads (A) and the increased width of the electrodes (B). In addition, the fine
geometry metal does not overlap the macroscopic leads of this structure; the entire

structure was fabricated from Au in a single layer patterning process.
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5.2.2 Results Using the Modified DIMEND Process

The DIMEND process was modified to correct for the flaws that complicated the
packaging of these structures. These modifications were briefly discussed 1 5 2 but will
be treated here in greater depth. As described earlier, the DIMEND process flow was
changed by the creation of a third registered EBL patterning step through the separation
of the coarse and fine feature exposures 1n the first patterning step discussed in 4.3. In
the modified process, the fine geometry electrodes were patterned and metallized prior to
the patterning and metallization of the bonding pads, macroscopic leads and the ESD
protection resistor. This allowed for a thicker, more mechanically stable film to be
deposited onto the fine geometry features of the electrode pair, literally burying the
overlapping pomts A metallization of 50 A of Cr and 650 A Au was used, avoiding the
problems associated with the step coverage of thin films deposited via PVD

The second modification was to the CAD pattern for the fine geometry electrodes
This included widening the main portion of the electrode leads to 250 nm, shortening the
length between the electrode tip and the macroscopic leads and incorporating a bend 1n
the electrode for improved mechanical stability.

The results seen 1n structures fabricated using this process were somewhat
different from those fabricated using the original DIMEND process Most notably,
adhesion problems were virtually eliminated from the process yield This allowed the
observation of a distinct linear trend 1n interelectrode distance 1n rows were this distance

was incrementally changed by 2 nm. Shown in figure 5-9 are sample 1mages taken from
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Figure 5-9: Sample SEM micrographs from an array of structures patterned at
interelectrode distances from 40 nm to 80 nm. The upper electrode material in each
image is Au while the lower electrode is composed of Ti. The specified interelectrode
distance decreases from top to bottom and from left to right. Note that the measurements

shown in the bottom row indicate the distance of electrode overlap.
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two rows where the interelectrode distance was decreased from column to column over
the entire 20-element array Shown 1n figure 5-10 1s the data from SEM measurements of
the structures across the complete array.

Figure 5-9 clearly shows that the interelectrode distance is controllable to below 9
nm at a patterned 1nterelectrode spacing of 20 nm before shorting them out
lithographically The mimimum observed interelectrode distance in these arrays was
somewhat ligher than that seen 1n the original DIMEND process. This might be merely a
metrology problem as the Leo 982 SEM used to carry out this task was m sub-optimal
working condition at the time these measurements were made Measurements taken from
other structures patterned at a 19 nm to 16 nm interelectrode distance were inconclusive
as to whether or not the electrodes were shorted together Electrical characterization of
these structures has not yet been performed

Leakage current measurements on these devices were 1dentical to those performed
on the structures fabricated using the original DIMEND process. However, unlike the
original structures, Al wedge bonding without damaging the electrode structure n any
observable way was possible Shown in figure 5-11 is a SEM miciograph of an example

structure after Al wedge bonding

5.3 Four Terminal DIMEND

Unlike the previous two DIMEND structures, where the mterelectrode distance

was varied by adjusting the placement of the two electrodes with respect to one another,
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Interelectrode Distance for Structures Fabricated
Using the Modified DIMEND Process
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Figure 5-10- Measurement of the observed interelectrode distance as a function of the
patterned nterelectrode distance for single PSI measurement structures fabricated using
the modified DIMEND process. The negative values indicate overlap of the electrode

tips
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Figure 5-11: SEM micrograph of a completed single PSI measurement structure after Al

wedge bonding to an external package.
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control of the interelectrode distance here was achieved by incremental change of the
exposure dose of the Au electrode. Thus resulted m Au electrode widths ranging from 90
nm to 110 nm 1n a nonlinear fashion and interelectrode distances from 18 nm to 8 nm.

The processing issues associated with this structure were slightly different from
that of the single PSI measurement DIMEND Out of a 6x10 array of these structures,
where the width of the Au electrode was varied from column to column, the structure
yield was close to 100% 1n terms of whether the structure had at least one useable
electrode pair of the patterned dimension. However, some structures showed individual
electrodes that had adhesion problems resulting 1n a three or two terminal structure This
occurred in less than 30% of the structures

The mechanism used to vary the interelectrode distance was more difficult to
control than the method used 1n the previous two structures The distance between the Ti
electrodes perpendicular to the Au electrode was relatively symmetric and within 15% of
the patterned distance The Ti electrode 1n line with the Au was typically closer to the Au
than the other two T1 electrodes. Structures with reasonably symmetric interelectrode
distances were observed for distances of 10 nm or more (refer to figure 5-12)
Interelectrode distances as low as 8 nm could be reproducibly fabricated between the Au
and Ti electrodes with a minimum observed distance of 6 nm Attempts to pattern
electrodes with interelectrode distances less than 6 nm resulted in shorted electrode pairs

Much like the other two DiMEND structures discussed 1n this thesis, this structure
was unable to survive standard packaging techniques. Unlike the first two structures the

epoxy wire-bonding technique could not be used to package this device The epoxy
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Figure 5-12: Sample SEM micrographs of the four terminal DIMEND structure. These
devices were contained in the same wafer row. The dose of the Au line, and hence the
line width, increases from left to right. Note: the fourth image from the left was taken at

a higher magnification than the other four images.
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would consistently short two or more of the terminals together as 1t 1s quite difficult to
control exactly where it gets deposited. The modified DIMEND process may remedy this

situatton This has not yet been attempted.
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Chapter 6

Conclusion

The production of electrode structures suitable for making electrical
measurements on single molecule devices has been a major obstacle 1n the path towards
achieving functional molecular-scale electronic systems. This has largely been a
consequence of the lack of standard processing techniques capable of realizing such
structures. While several methods for fabricating novel structures to characterize
molecular electronic devices have been developed and successfully demonstrated, most
do not offer a high degree of latitude 1n terms of the types of molecular devices they may
be used to examine, or the materials from which they can be constructed.

Presented in this thesis is a technique capable of producing planar electrode
structures with interelectrode distances below 6 nm This technique can be used to
produce electrodes of dissimilar metals that may allow the use of self-assembled
monolayer based surface modification chemistry to deposit molecules with asymmetric
electrical properties into metal/molecular monolayer/metal heterojunctions These
structures have been successfully fabricated from a variety of materials including, Au,
Pd, AuPd, T1, Al, and Pt. However, theoretically any material that 1s compatible with
standard liftoff processing can be used to construct these devices

The application of this technique to the PSI reaction center was examined and

should provide a means with which to perform electrical characterization of this
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biomolecule. Preliminary data suggests that the PSI molecule can self-assemble on the
sides of step edges not unlike those present at the tips of the electrodes The preferential
self-assembly of the PSI to substrates of dissimilar metals has also recently been
examined. This data indicates that while the thiol-based surface modification chemistry
works effectively to assemble oriented PST on Au and AuPd, it does not function nearly
as well on Ti and Pd®*® Work on implementing the DIMEND structures to electrically
characterize the PSI has already begun and will constitute the next major phase of this
research

The ability to produce multi-terminal structures such as the four-terminal
DiMEND presented in this thesis represents a significant advance in the field of
molecular scale electronics It provides a means of potentially realizing a multilevel
diode-resistor logic gate with an active area much less than 500 nm on a side (refer to
figure 6-1)

The DiIMEND process utilizes standard processing techniques that are well known
to the microelectronics community. The most complicated part of the DIMEND process
is the high-resolution EBL patterning step With a well-maintained commercial EBL
system such as the Leica VB6, even this portion of the process 1s relatively easy to
implement. This allows the DIMEND process to produce wafer-scale quantities of
electrode structures in a single day’s time unlike many of the other fabrication techniques

presented for similar structures.
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Figure 6-1 By combining two of the four terminal DIMEND structures together a
Boolean 2-OR/AND structure may be fabricated with an active device area less than 500

nm on a side
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The main drawback of the DIMEND process is that 1t 1s dependent on the robust
alignment capabilities of the VB6. This work has demonstrated this system’s ability to
register to preexisting features with less than 5 nm of misalignment, which 1s a crucial
part of the DIMEND process. The availabihty of this tool to the industrial, government
and academic research communities through the National Nanofabrication User’s
Network makes this process a viable research technique. Other high-resolution EBL
systems such as the Leica EBPG 5000+%" and the JEOL 6000FS and 9300* should be
capable of achieving similar results as they offer similar operating specifications as the
VB6. It may also be possible to produce similar structures with lower cost SEM based

EBL systems, investigation by the author into this possibility 1s already underway.
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