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Abstract

This thesis deals with the preparation of two thin film devices, in particular a
nitrogen dioxide (NO,) gas sensor and a rechargeable lithium battery. A number of
different thin film preparation techniques were used for a variety of applications and the
resultant films were characterized by spectroscopic and electrochemical methods.

The NO, gas sensor was based on Langmuir-Blodgett (LB) monolayer films of
the sandwich molecule europium bisphthalocyanine (EuPc,). The intense UV-visible
absorption spectrum of a monolayer of the EuPc, dye molecules was recorded before
and after exposure to NO, gas. It was noted that with time the film spectrum returned to
its original colour, thus indicating the process to be reversible. The powerful
spectroscopic technique of surface enhanced Raman scattering (SERS) was also utilized
for film characterization. As with the absorption spectroscopy, the SERS experiments
also indicated a reversible NO, adsorption-desorption process.

An interdigitated gold electrode was used to measure the electrical conductivity
of LB monolayers of EuPc,. The activation energy for conduction for this molecular
semiconductor was determined to be 0.27 eV from thermal conductivity experiments.
Upon exposure to NO, gas, the conductivity of the film increases considerably until it
reaches saturation. Kinetics studies indicated that the conductivity changes resulted
from two sources: the adsorption of NO, molecules on the surface, and the absorption
of the molecules into the film. While the spectroscopic experiments suggested this
process to be completely reversible, the electrical measurements indicated that heating
was required to remove the residual absorbed NO,.

Thin film cathodes for a rechargeable lithium battery were fabricated by the
magnetron sputtering technique. The cathodes were deposited from a sample of the
LiMn,O, pure spinel material. The Li-Mn-O film was characterized by grazing angle
x-ray diffraction, Raman and infrared spectroscopies. Electrochemical analyses of the
films deposited on aluminum gave charge/discharge capacities of around 789 mA hg™".
Tests showed that these cells suffered from very high impedance most likely dueto a

iii



high degree of polarization at the cathode:substrate interface. Deposition of a gold film
onto the aluminum substrate proved to greatly reduce the impedance losses, resulting in
an improvement in the total charge capacity of the cathode filmto 211 mA hg.
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Chapter 1: Introduction

“What would happen if we could arrange the atoms one
by one the way we want them? " Richard Feynman,
December 29, 1959.

The speech presented by Richard Feynman [1] at the annual meeting of the
American Physical Society nearly thirty-seven years ago has served as a principal
inspiration for researchers involved in much of the work in the exciting and innovative
field of nanotechnology [2-4]. Indeed, the term nanotechnology provokes images of
tiny, interlocking molecular gears and axles diligently assembling products one atom at
a time, an image taken diréctly from Feynman’s essay. However, nanotechnology need
not refer only to molecular machines. And while Feynman was certainly the first to
construct these images of machines at the nanometer scale, devices have long been

manufactured at that scale - in one dimension at least!
1.1 History of Oriented Molecular Monolayer Preparation

It is argued that the preparation of films of monomolecular thickness dates back
nearly four thousand years to ancient Babylonia [5], where the first records of the
observation of the spreading of oil on water were written in cuneiform. Rayleigh {6]
and Pockels [7] can be credited with deducing that such films were of a thickness scale
of the order of a few nanometers or less. Rayleigh estimated that films of olive oil of
one to two nanometer thickness could be carefully spread onto a water surface. Pockels
devised an ingenious trough designed to measure the variation in the surface tension of a
soap-contaminated water surface. With this clever trough (a predecessor to what is
today known as the Langmuir trough) and working from her kitchen table, Ms. Pockels

1



Chapter 1: Introduction . 2

could record surface tension versus area isotherms. The first of these diagrams appeared
in 1891 [7]. She described her results in a letter to Lord Rayleigh who sent the letter on
to Nature for publication. Realizing the significance of Pockels work, Rayleigh
included a covering letter of recommendation; the editor published Pockels work in full
along with Rayleigh’s note. It was not uatil a few years later however, that Rayleigh
came to the realization that these films of polar oils were in fact one molecule thick [8].
The trough designed by Pockels formed the basis for the Langmuir trough,
named after Irving Langmuir. Langmuir’s forte was his uncanny ability to compile
several related theories and facts, and to then rework them into one simple and unifying
hypothesis [9]. In addition to the improved theory of oriented molecular monolayers,
Langmuir continually made improvements to his trough including the development of
the Langmuir Filmbalance [9], a device used to directly measure the difference in the
forces exerted by a clean water surface and a water surface covered by a molecular film.
In honour of the profound contributions he has made to their study, floating
monomolecular films at the air-water interface are now termed Langmuir monolayers.
The technique of the transfer of Langmuir monolayers from the liquid subphase
to a solid substrate was first detailed by Katherine Blodgett [10]. These monolayer
films are called Langmuir-Blodgett films, and they provide a technique for the
preparation of oriented molecular films of uniform thickness of a few nanometers or
less. The next step towards building a nanometer-thick gas sensor would involve the

choice of molecule needed to form the LB monolayers.

1.2 Background of Phthalocyanines

Phthalocyanines (PCs) are intensely coloured synthetic molecules that resemble
naturally occurring porphyrins, a sketch of the metal-free phthalocyanine (H,Pc) is
shown in Figure 1.1. The molecule has a planar structure and consists of a highly
conjugated network of n-bonds between carbon and nitrogen atoms. The intense colour
of these compounds arrises from this conjugated x-system, giving strong ® - ®* type
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absorptions in the visible. The first

phthalocyanine was synthesized by

Braun and Tcherniac in 1907 (11].

Since that time, phthalocyanines and \,

their derivatives have played important N H”

roles in many applications such as dyes, _H N
N N

photoconductors, and in nonlinear
optical devices [12-14].
The first Langmuir monolayers

of a phthalocyanine were prepared by

Roberts et. al. [15). The monolayers  Figure 1.1: A sketch of metal-free
phthalocyanine (H,Pc).

were prepared from a solution of the
dilithium salt (Li,Pc), and the limiting area per molecule was determined to be 100 A
(or 1 nm?). It was concluded that the molecules were tilted slightly from the plane of the
air-water interface. These monolayers however, could not be transferred by the LB
technique. It was found that the addition of mesitylene to the solution prior to spreading
on the water allowed the formation of transferrable monolayers. The mesitylene was
said to lubricate the transfer of the mixed monolayer. The limiting area though, was
calculated to be 40 A2 (0.4 nm?). Hence the phthalocyanine molecules were no longer in
a slightly tilted orientation but were instead stacked on edge.

Lanthanide bisphthalocyanine complexes were first synthesized by Kirin and
Moskalev in 1965 [16]. Since then, these rare earth sandwich compounds have drawn
considerable attention, in particular due to their electrochromic properties; the stable
green LnPc, complex is reduced to a blue form and oxidized to a red compound. Some
groups have reported the synthesis and isolation of both blue and green forms [16-18],
but the nature of these complexes has been the subject of much debate [19].

The high degree of thermal stability of these complexes has lead to considerable
work towards the preparation of evaporated films. The phthalocyanine sample can be
heated in vacuum without decomposition, and the evaporated molecules condense on
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the substrate to give a film constituted of intact LnPc, molecules. However, gas sensor
devices built by the LB technique [20] have shown improved performance over those
prepared from evaporated films [21,22]. This improvement was due in part to the more
complete and uniform coverage afforded by the LB technique. The other deposition
techniques give films that may have on average a monolayer coverage, but in fact have
voids (areas of no coverage) neighbouring molecular aggregates of much greater than
monolayer thickness. The voids act to inhibit conduction along the film while the
contiguous LB films are not similarly affected.

The focus of microelectronic (or even nanoelectronic) NO, gas sensor research
and development is therefore directed toward the application of the Langmuiz-Blodget:
method to form uniform monolayer films of LnPc, molecules.

1.3 Introduction to Thin Film Microbatteries

The manufacture of tiny sensors, computers, video displays, or other kinds of
microelectronics has been proceeding at a breakneck pace for many years now. As these
devices continue to shrink in size, it is becoming increasingly difficult to power them,
and in fact, the power source is often extemal to the device. One of the motivations for
reducing the size of these electronics gadgets however, is portability. Having an
external source is contrary to the desire that these electronic tools be completely
portable. In order to increase the portability of these tiny microelectronic devices, their
internal power sources must be equally tiny. While making smaller batteries is a simple
task, the total power storage must be sufficiently high to minimize the need for
recharging, and consequently, the reduction in battery size must also be accompanied by
an increase in power density.

There has been intense activity in the research of rechargeable lithium batteries
due to their ability to store more than twice the energy per unit mass as other
rechargeable batteries [23-25]. A number of cathode and anode arrangements have been
and are being explored. Cathodes based upon LiCoO, and LiNiO, have shown



Chapter 1: Introduction S

considerable progress; the first commercially successful rechargeable lithium battery
utilized the LiCoO, intercalation complex as the cathode and a graphite based anode
material [26]. LiCoO, forms a layered system, and so charge-discharge cycling involves
the migration of lithium ions from between the cobalt oxide layers to the graphene
layers and back again.

Much attention is now focussed on the preparation of thin film rechargeable
lithium batteries for microelectronics applications. Additionally, analyses of pristine
cathode films would help researchers elucidate some of the mechanisms of cathode
failure that have plagued these systems. Currently, cathodes are being prepared from
mixtures of the pure lithium metal oxide (eg. LiMn,O,, LiCo0,, or LiNiO,) powders
and binder materials. By fabricating cathodes that do not require binder material, cell
failures due particularly to the cathode material can be more easily traced. Particular
interest has been placed on cathodes based upon the LiMn,0, spinel complex [23,27],
due to their comparatively low cost as compared to the cobalt and nickel complexes as

well as their low toxicity.



Chapter 2: Thin Film Preparation Techniques

A wealth of techniques for the preparation of thin films has been devised since
its inception over a century ago. Faraday is credited with the first reported metal film
preparation in 1857 when he observed the deposition of a metal film after a wire was
exploded by application of high current density [28]. This discovery spawned intense
activity into thin film research due to the potential technical value and scientific
curiosity in the properties of two dimensional solids.

Now, numerous systems for film deposition are at the disposal of scientists,
engineers, and industry alike. The choice of technique is dependent upon the nature of
the material(s) to be deposited and the desired properties of the film. Three very
different film preparation methods were employed for the work presented in this thesis,
namely thermal evaporation, magnetron sputtering, and the Langmuir-Blodgett
technique. To understand the motivation for using one approach over another, one must
comprehend the phenomena involved. Consequently, a brief overview of each
technique is given and all are compared to demonstrate their particular strengths and

weaknesses.
2.1 Thermal Evaporation in Vacuum

About thirty years following Faraday’s seminal work in thin film deposition,
Nahrwold reported the deposition of a thin film by thermal evaporation [29]. This
technique failed to catch on, however, until the development of high vacuum systems.
Such a high vacuum thermal evaporation system is illustrated in Figure 2.1. The
essential components of such a system are a heater for the source material and a stage to
hold the film substrate. The heaters can take many different forms, but often boats

6



Chapter 2: Thin Film Preparation Techniques 7

made from highly refractory metals such as tungsten, tantalum or molybdenum are
utilized. A high current density is passed through a boat containing the sample; the boat
is heated, and the sample is thus vaporized. The vapour condenses on the substrate, and
a film forms.

Quartz crystal Substrate
osciltator holder and|
heater
) Substrate
Shutter
| AR NN

To
‘Vacuum

0 N N N N | Aperture
Boat
To tfransformer
and
<<
power supply

Figure 2.1: A schematic diagram of a thermal evaporation system.

Two evaporators similar to the illustration in Figure 2.1 were used to make metal
island films, smooth silver mirrors, and thin organic films. To eliminate cross-
contamination problems, one evaporator was dedicated to making metal films while the
other was used for the organic thin films. The substrate holders were manufactured from
brass and a resistive heater was inserted within the brass in such a way as to ensure good
thermal contact between the brass and the heater. The leads from the heater and a
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thermocouple that was attached to the brass were passed through a feedthrough out of
the vacuum to a controller. The temperature of the substrate could thus be monitored
and regulated. The boats were made of tantalum, and a metal plate having a one
centimeter hole in the centre was located approximately two centimeters above the boat
to act as an aperture to reduce the spray from the sample during heating. The aperture
thus serves as a pseudo surface source of one centimeter diameter. The substrate was
situated approximately 20 cm from the source.

One important aspect of the vacuum evaporation technique is that it is relatively
clean. The films were deposited at pressures that made it unlikely that the evaporated
atoms or molecules would have the occasion to interact with background gases such as
water or oxygen prior to condensing on the substrate. Generally, the pressure in the
chamber during deposition was kept below 5x10° torr (~ 7x10* Pa). At such pressures,
the mean free path of the atoms and molecules was approximately ten meters. Since the
substrate was only about 20 cm away from the source, few collisions occur between the
evaporated atoms or molecules and the background gas prior to deposition.

The thermal evaporation technique enables the formation of pure films of
thermally stable materials that have comparatively low boiling points. It was an ideal
technique for the preparation of thin metal island films of gold and silver for use in
surface enhanced Raman scattering experiments. Thin films of materials having very
low vapour pressures such as refractory metals like tungsten and platinum or metal
oxides cannot be prepared by this method. Compounds that are susceptible to thermal
decomposition are likewise poor candidates for the thermal evaporation technique. For

these systems alternate approaches are necessary.
2.2 Magnetron Sputtering

Unlike thermal evaporation, the sputter deposition technique does not require
high vacuum. Cathode sputtering was thus a popular approach in the early days of film
deposition techniques.
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The momentum transfer by the collision of gas phase ions with a solid produces
a burst of atoms and molecules from the solid surface. Such collisions may be
generated by an electrical discharge at low gas pressures between two electrodes as
illustrated in Figure 2.2, an illustration of a planar cathode sputtering system. The
discharge ionizes some of the gas molecules and the resultant ions accelerate toward the
cathode. The kinetic energy carried by the ions (also known as fast ions or fast atoms)
causes the disintegration of the cathode target.

Figure 2.2:  An illustration of the planar cathode sputtering technique.
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The efficiency of the sputter rate is greatly enhanced by the introduction of a
magnetic field situated in such a way that the electrons produced in the discharge
become trapped close to the cathode surface. Such a system is illustrated in Figure 2.3.
The captured electrons are highly concentrated within the magnetic field, and they begin
to follow circular paths inside the trapping field.

|

~ r -

P
L

\ rowing

Im

erosion of the cathode

P e TR et as s N trapped
2" 0B > electrons

target

magnetic field lines

Figure2.3:  An illustration of magnetron sputter deposition.

Gas atoms entering the highly concentrated electron cloud have a much higher
probability of becoming ionized than in the discharge without the magnetic field.
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Lower pressures are therefore possible while maintaining the sputter process.

During DC sputtering, a charge can build up on the target due to the constant
bombardment by positively charged ions. The charging does not pose a problem for
conducting materials, but the sputter rate of insulators such as metal oxides drops off
rapidly as the growing positive charge on the target begins to repel the bombarding ions.
Employment of an alternating current source circumvents this problem, and so the
technique of radio frequency (RF) sputtering was developed to deal with insulating or
semiconducting target materials. The most commonly used alternating frequency is
13.56 MHz, which lies within the radio frequency region of the electromagnetic
spectrum.

A commonly used sputtering gas is argon. There are many advantages to using
argon, not the least of which is that it is comnparatively inexpensive. It is also
chemically inert, a factor that is quite important when the deposition of a pure film is
desirable since the operating pressure for sputtering ranges from a few millitorr to a few
tens of millitorr. The ejected material from the target will therefore undergo several
collisions prior to condensation of the substrate. While the higher operating pressure
facilitated the use of the sputtering technique prior to the advent of high vacuum
systems, the possible reactions due to gas phase collisions has caused this method to be
dubbed a “dirty” technique: However, by utilizing high vacuum technology, the
potentially reactive gases such as oxygen or water vapour can be removed in favour of
the inert argon gas that is introduced to the evacuated chamber.

Alternatively, should gas phase reactions be desirable, reactive gases could be
introduced into the vacuum system by seeding the argon gas flow. By carefully
regulating the amount of reactive gas, the stoichiometry of the reaction is controlled.
Such a system was used for the deposition of Li-Mn-O films for the use as cathode
materials for rechargeable lithium batteries, and is illustrated in Figure 2.4.

The sputter chamber consisted of an ultrahigh vacuum (UHV) chamber pumped
by cryopump to provide a base background pressure below 1x10° torr. In that chamber
were three magnetron sputter guns and a quartz crystal to monitor film deposition. Also
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on that chamber was a differentially pumped quadrupole mass spectrometer to monitor
the gaseous species in the chamber. The substrates were introduced to the sputter
chamber from a separate sample chamber via a remote manipulator. A gate valve
separated the high vacuum sample chamber from the UHV sputter chamber. Argon and
seed gases flows were controlled by flow controllers and entered the chamber through
slow leak valves. A manual gate valve to the cryopump was partially closed in order to
diminish the pumping speed of the pump. The operating pressure of 5-10 mtorr could
thus be obtained.

This system permits the deposition of various films and not possible by the
thermal evaporation technique such as metal oxides. Factors such as substrate
temperature during and after the deposition may affect the degree or type of crystallinity
of the film. The control of such processes are not in the hands of the scientist however,

but instead relies to a large extent on the nature of the films themselves.

2.3 The Langmuir-Blodgett Technique

The first two techniques described here refer to methods that are well suited for
the preparation of films up to several microns in thickness. And even if the deposition
is halted very shortly after it was begun, the film would not likely display a uniform
thickness of say 4 nm over the entire substrate surface. Instead, what one obtains is an
ensemble of aggregates of various sizes and perhaps some voids on the substrate where
no condensate can be found at all. So, when one speaks of monolayer coverage when
referring to films deposited in such fashions, it is most likely an average coverage.
Much of the theory to describe the kinetics of adsorption arises from the work of Irving
Langmuir [30-32], work for which he eamed the 1932 Nobel Prize in Chemistry.
Interestingly, a technique that bears his name allows the formation of uniform
monomolecular films.

The Langmuir trough consists of a vessel with a clean, hydrophobic coating
(Teflon™), a movable barrier, and a fixed barrier. Pure liquid is poured into the trough
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such that it is completely full. The fixed barrier acts as a very sensitive balance capable
of measuring directly the difference in the surface pressure exerted on one side of the
barrier versus the other. Thus, when molecules are placed on the liquid surface on one
side of the barrier, the change in the force exerted on that side is detected. This energy
per unit area is termed the surface pressure, and is usually denoted by the symbol “x”
and has the units of mNm™'. The surface pressure is the two dimensional analogue to
pressure.

A variation of the Langmuir Filmbalance uses a device known as the Wilhelmy
plate to measure changes in the surface tension of the liquid subphase when molecules
are spread upon its surface. The Wilhelmy plate is wetted by the liquid and then
remains partially inmersed. The downward force exerted on the plate by the surface
tension of the water is observed and any changes are related to the change in surface
pressure.

Ilustrated in Figure 2.5 is a diagram of the preparation of a Langmuir film on a
trough known as a Langmuir Filmbalance. In the top frame is shown the trough in the
completely expanded mode shortly after the solution has been spread. The solute in this
case are represented by amphiphilic molecules having hydrophilic head groups and long
hydrophobic tails, and the liquid subphase is water. After the solvent has evaporated,
the amphiphilic molecules are free to move about on the water surface in a fashion
analogous to the gas phase in three dimensions.

When the movable barrier compresses the film, the molecules begin to interact
with each other. The surface pressure begins to increase, and the film enters a liquid-
like phase. Further compression (Figure 2.5c) brings the film to the solid-like phase.
By this method, a single monomolecular film is prepared. From the data obtained from
a T-A isotherm, the surface area per molecule can be determined and the molecular
orientation can thus be calculated.
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Figure2.5:  An illustration of the Langmuir Filmbalance showing: (a) the expanded
phase, (b) the liquid condensed phase, and ( ¢) the solid-like phase.
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While Langmuir demonstrated that it was possible to prepare oriented
monomolecular films, it was Katherine Blodgett who was the first to transfer a
Langmuir monolayer from the liquid surface to a solid substrate. This was performed
quite simply by dipping the support into the water, and carefully drawing it out. Sucha
film is known as a Langmuir-Blodgett (LB) monolayer. To determine the transfer ratio,
one can set a feedback loop to cause the movable barrier to move so as to maintain a
fixed pressure. As molecules are drawn off of the surface, the barrier must move to
restore the pressure of the system. From the distance the barrier travelled and the width
of the trough, the total area of the transferred film is calculated. The transfer ratio is
defined as the ratio of the area of monolayer removed from the water surface to the area
of the solid substrate coated by the monolayer.

Transfer of monolayers to the solid substrate may occur on downward strokes,
upward strokes, or both. The designations given for the types of deposition are: X-type
for deposition on downward strokes only, Y-type for deposition in both the upward and
downward strokes, and Z-type for only the upward stroke.

The Langmuir-Blodgett technique enables the preparation of thin organic films.
The films have a uniform thickness that can range from a few nanometers (one
monolayer) to a few tenths of a micrometer. And perhaps more important than uniform
thickness is the high degree of molecular orientation within the layers. The ﬁxture of
thin molecular solids is in the design of organized thin films for novel devices as well as
improvements on existing applications [33]. Such organized films could find use as
nonlinear optical devices [34], optical waveguides [35, 36], or protective layers for
integrated circuit boards. LB films have also found application as gas sensors
[20,37,38]. It is this last application that was pursued in this thesis. In particular, LB

films of europium bisphthalocyanine were employed as NO, gas sensors.
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Bisphthalocyanine Thin Films

Phthalocyanines (Pc) are a class of materials that have an extensive list of
practical applications. Their extended 7-system and molecular symmetry have
prompted much attention towards their usefulness as dyes, and their high degree of
planarity gives Pc complexes interesting packing characteristics in the solid state due to
the weak intermolecular t-cloud interactions. In particular, lanthanide bisphthalo-
cyanine complexes (LnPc,) have received considerable attention in theoretical [39-41]
and spectroscopic [12, 13, 42] investigations.

The study of these complexes in the visible and infrared regions of the spectrum
and the fabrication of thin-solid films using the Langmuir-Blodgett (LB) approach [43]
have been carried out in our laboratory. The spectroscopy of members of the LnPc,
series such as YbPc, [44], DyPc,, HoPc, [45], and CePc, [46], has been reported.
M'Sadak et. al. [47] have studied the electrochemical properties of a series of LnPc,,
including the EuPc, complex. Moskalev and Alimova [48] reported the UV-vis
absorption spectra of EuPc, in DMF and cMoromphMcne solutions with maxima at
468, 603 and 674 nm, and 463, 610 and 677 nm respectively. Synthesis of EuPc, has
also been described by Sugimoto er. al. [49]-

This chapter reports the results on the fabrication of LB films of EuPc, and the
observed vibrational and electronic molecular spectra for the EPR active (g=2.003)
green EuPc, material. The intense absorptions in the visible and the weak near-infrared
electronic transitions are given. Infrared and Raman spectra of organized solid films on
several substrates were also recorded and discussed. The comparison of normal Raman
scattering (RS) and resonant Raman scattering (RRS) spectra is made in addition to a
brief discussion and application of the surface enhanced Raman scattering (SERS)

17
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technique. The near infrared Fourier transform SERS (FT-SERS) spectrum of a single
LB monolayer on metal island films has been published [50]. Here, the FT-SERS
spectrum of a monolayer of EuPc, on a gold island film was observed and is compared
with the results of conventional SERS using visible laser lines on silver island films.

3.1 Experimental

The EuPc, material was provided by Dr L.G. Tomilova from the Intermediates
and Dyes Institute in Moscow, Russia. The compound was purified first by sublimation
to remove some low molecular weight starting materials (phthalonitrile) and by-
products (phthalic anhydride and phthalimide). The residue was then further purified by
column chromatography to separate other by-products such as H,Pc, the mono-

phthalocyanine europium
complex, and trace amounts of
the blue form of EuPc,.
Ultimately, a sample of the green
form of EuPc, was isolated and
used for this work. An
illustration of the structure of the
EuPc, complex showing the
sandwich-like structure is given
in Figure 3.1. Note that the two

macrocycle rings areina

staggered orientation with Figure 3.1:  An illustration of the europium
respect to each other. bisphthalocyanine molecule.

The electronic transitions of EuPc, in solution and as LBs on glass were
recorded by a Perkin-Elmer Lambda 9 UV-VIS-NIR dual beam spectrometer interfaced
to a Perkin-Elmer PE 7700 series computer. FT-Raman scattering spectra were

recorded using a Bomem Ramspec 150 spectrophotometer, equipped with a Nd:YAG
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laser emitting at 1064.1 nm and an InGaAs detector. An optical filter was used to
remove all light within 200 cm™ of the laser line collected in a back-scattering geometry.
All other Raman spectra were recorded using a 90° scattering geometry with a Spex
1403 double monochromator. The light source used for the RRS experiments was a
Spectra Physics Model 2020 Kr* laser emitting at 647.1 nm. The blue (488 nm) and
green (514.5 nm) laser lines emitted from a Spectra Physics Series 2000 Ar” laser were
also used to produce inelastic scattering.

Gold and silver island films for SERS experiments were prepared by vacuum
evaporation onto glass slides (Corning 7059 glass) held at 200 °C. The rates of
deposition were monitored by an XTC Inficon crystal oscillator and were held constant
at approximately 0.5 A s'. The gold island films were grown to a thickness of 20 nm
for the FT-SERS experiments while 6 nm thick silver island films were grown for the
SERS experiments where visible laser lines were used.

Two different Langmuir troughs were used. A KSV 5000 Langmuir trough was
used to record isotherms and to transfer Langmuir monolayers. This trough monitors
the film pressure directly by the Wilhelmy plate method; the electrobalance used was
calibrated daily. The other trough was a Lauda Langmuir Filmbalance equipped with a
Lauda Filmlift F1-1 electronically controlled dipping device for the transfer of
monolayer films onto solid substrates (Langmuir-Blodgett films). In both troughs, the
subphase used was pure water obtained from a Milli-Q filter (resistivity 18.2 MQ cm)
and the temperature of the subphase was controlled with a Neslab TRE-110 circulating
bath with temperature sensor. All Langmuir-Blodgett films were prepared from 5x10°%
mol L' chloroform (Merck, 99%) solutions. A surface pressure of 20 mN m™ was
maintained during film transfer, and the subphase temperature was held at 15 °C. Glass
slide substrates were cleaned in chromic acid solutions and then rinsed thrice with
distilled water followed by a Milli-Q water rinse. The ZnS substrates were treated by
ultrasonic bath first in toluene and then in chloroform solvents.

A Bruker FTIR Model 98 (now known as the Model IFS 113v) spectrometer
operating under vacuum at room temperature was used to record infrared spectra of KBr
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pellets and LB films on ZnS using transmission geometry. The background and
instrument response was taken into account by calculating the ratio of the raw sample
spectrum versus the reference spectrum to give the sample spectrum in transmittance
units. Polarization experiments were performed using a model PWG-UIR polarizing
crystal from Harrick industries. All spectral files were imported into the SpectraCalc
software package (Galactic Industries Corp.) for data manipulation.

3.2 Langmuir-Blodgett Film Preparation

The formation of a floating or Langmuir monolayer on the water surface is
monitored by recording the surface pressure versus area (%-A) isotherm. The ®-A
isotherm at 15 °C for EuPc, spread from a chloroform solution that was recorded using
the Wilhelmy plate technique (KSV 5000) is shown in Figure 3.2. This isotherm shows
the phase transition from the gas phase to the liquid condensed phase with an ill defined
intermediate liquid expanded phase. The limiting area determined by extrapolation
from the linear, solid-phase like portion of the isotherm back to zero surface pressure
was 1.0 nm?molecule™. If these molecules were oriented exactly edge-on, then an area

closer to 0.7 nm? molecule™ would have been expected, while a flat-on orientation

Surface Pressure /mNm”

10F

0.50 ors 1.00 125 150
Area per molecule /nm’molecule’

Figure 3.2: The x-A isotherm of EuPc; at 15 °C.
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would have produced a limiting area closer to 1.5 nm? molecule™, the area of a single Pc

ring. This value for the limiting area indicates the molecules of EuPc, order themselves

with a tilted orientation of the planar ring with respect to the subphase.
The LB films were made by transferring the floating layer at a constant surface
pressure of 20 mN m™ and a subphase temperature of 15 °C. This pressure was chosen

because it is within the solid-phase or liquid condensed phase of the monolayer. Several

different temperatures were attempted but the transfer ratio for Z-deposition proved

optimal at this temperature and pressure; films whose transfer ratios are lower than 0.9

were discarded and the experiment was repeated..

3.3 UV-Visible and Near-Infrared Absorption Spectra

One of the important uses for
phthalocyanine complexes is as a dye. The
very intense colour characteristic of this
class of molecules arises from the
extensive conjugated ®-system. Numerous
theoretical studies have attempted to
characterize these systems to varying
degrees of success [39, 40]. The
complexity of the phthalocyanine systems
and the comparative strengths and
weaknesses of the different theoretical
models used have made it prohibitively
difficult to resolve the details of the
electronic levels of LnPc, molecules. A
composite of the energy level predictions
from Orti et. al. [39] and Kaizu et. al. [40]
is illustrated in Figure 3.3. This diagram

2Pc*
(O]

Energy

| d S s
44

O.

The energy level diagrams
for two Pc* ligands (left)
having D, point group and
the orbital levels for the
EuPc, sandwich molecule

(right) having D, symmetry.

Figure 3.3:
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demonstrates how the energy levels of e
the hypothetical Pc* dianion (on the —# f 1
left) were affected by the formation of A e, LUMO
the D, EuPc, complex. One very ? Q-laa}nd
important facet of the energy level 1 : a, HOMO
diagram of the lanthanide complex is B-Band TNear IR Band
the unpaired electron in the HOMO. b,
Transitions from lower levels to this Charge T:‘ansfer
half-filled orbital cause transitions that e,
are otherwise absent from the ¢
phthalocyanine spectrum. e,

The literature assignments of b,
level labels describing these a,
transitions appear somewhat Figure 3.4: The characteristic electronic

transitions of EuPc,.

ambiguous. The interpretations can
generally be grouped into two basic strategies. Some groups [51-53] have chosen to
describe the energy levels of each of the two Pc rings separately. Thus, the observed
spectrum is described by a superposition of the spectrum of the dianion ligand, the
spectrum from the radical anion, and the intramolecular charge transfer band. The other
method of level assignment involves the consideration of both ligands within a single
molecule [39, 40, 54]. The latter convention was used in Figure 3.4 where the
electronic transitions illustrated involving the half-filled HOMO were depicted. These
transitions, and more particularly the levels involved in these transitions will be
discussed further in the context of the observed resonance Raman spectra.

The UV-VIS-NIR absorption spectra of EuPc, are shown in Figure 3.5. The
chloroform solution spectrum shows the strong absorptions from the B- and Q-bands
typical of the phthalocyanine macrocycle at 322 and 672 nm respectively. By the
symmetry orbital assignments for the Pc* in Figure 3.3, the Q-band represents the
a,, - e, phthalocyanine transition while the B-band corresponds to the by, ~ ¢,
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transition. Also characteristic of the phthalocyanine dianion are some vibronic
transitions to the blue of the Q-band at 603 nm as well as the N-band at 278 nm.

480 603

b)

300 0 500 600 700 800

Wavelength /nm

1 Of4 )

1600
1420
909
d)
1000 1200 1400 1600 1800 2000
Wavelength /nm
Figure 3.5: The UV-visible spectra of EuPc, as: (a) an LB film on glass, and

(b) in chloroform solution; and the near-IR spectra: (c) of an LB
film on glass, and (d) in chloroform solution.

23
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Atypical of the phthalocyanine dianion, but typical of the radical anion [51], are
the bands found at 460 nm and the bands found in the near-IR region. The bands at 460
nm and at 909 nm represent excitations of the radical anion. For instance, the 460 nm
transition is analogous to the 4e,(1)~2a,,(r) and Se,(1)~2a,,(T) of LiPc [39, 51]. The
transitions centred at 1420 and 1600 nm have been assigned to the intramolecular
charge transfer band. This is illustrated in Figure 3.4 as the transition from the second
HOMO to the half-filled HOMO.

3.4 Infrared Spectra

Although EuPc, has a large number of normal modes, the molecular symmetry
greatly simplifies the analysis of the infrared spectrum. While a D, point group has
often been suggested as an appropriate symmetry for bisphthalocyanine lanthanides, the
distortion of one of the Pc rings suggests that a C,, point group would more accurately
describe the system [42]. This distortion was observed directly in x-ray crystallographic
studies of LuPc, [55] and NdPc, [56] and was attributed to the existence of an unpaired
electron on the distorted ring.

Assuming the C,, symmetry, the irreducible representation for the normal modes

is given by
[ = 44a,+39a,+42b +42b,+83¢. 31

The underlined representations are IR active while all are Raman active with the
exception of the a, modes.

The planarity of the Pc rings of the molecule permits simplification of band
assignments to those bands which are in-plane or out-of-plane. Once ordered
monolayers of a compound are prepared using the Langmuir-Blodgett (LB) technique, a
measure of the orientation is of significant importance in order to understand the
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Figure 3.6:  The thin film transmission infrared experiment showing the effects of (a)
the molecular orientation with respect to the substrate, and (b, ¢) film
anisotropy using plane polarized light.
molecular packing and growth in two-dimensional structures. When the infrared light

impinges onto the sample with a wave vector normal to the sample as shown in
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Figure 3.6(a), then only those modes resulting in dipole changes parallel to the substrate
will be seen. Similarly, polarization experiments would determine the degree of
anisotropy cause by the packing of the molecules as demonstrated in Figure 3.6(b, ¢). In
the polarization experiment shown in Figure 3.6(b), only the out-of-plane vibrations
would be seen. Conversely, the in-plane vibrations would be seen for the experiment
shown in Figure 3.6(c).

[llustrated in Figure 3.7 are the infrared spectra of the bulk sample dispersed in
KBr and six LB monolayers on ZnS (the poor throughput of ZnS at frequencies lower
than 720 cm™ accounts for the sharp cut-off). The frequencies and band assignments for
the FTIR spectra of EuPc, were listed in Table 3.1. Even though the low energy

(b)
1113
1319
1113
(a)
1318
728
600 800 1000 1200 1400 1600
Wavenumbers /cm™

Figure3.7: The FTIR spectra of EuPc,: (a) powder dispersed in KBr, and (b)
six LB monolayers on ZnS.
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vibrations in the monolayers spectrum were not observed, the window provided by the

ZnS substrate may be sufficient to prove the predominant orientation of the molecules

on the substrate. The strong bands observed in the FTIR spectrum of LBs were assigned

to vibrations having e symmetry [44]. Conversely, the 741 cm band (also observed in

Table 3.1: Frequencies and band assignments of the FTIR spectra of EuPc,.

FTIR of EuPc,in KBr | FTIR of EuPc;, six
‘ pellet (cm™) LBs on ZnS (cm™)
I 1606 w'
1594 w
1524 w 1524 W
1500 m 1501 w
1483 w
1446 m 1446 w
1422 VW
1401 W isoindole str a,
1384 w | isoindole str
1364 b 1366 m___ | isoindole str
1318 s 1319 s HWCCCstrv,,
1281 sh 1281 w ]}
1156 w 1156 W
1113 S 1113 m
1060 m 1060 w__jCHbende
1000 w | C-Hbend a,
945 W
882 m
872 W
841 W
811 w
778 b
S
Vs
w
W
ww
w

! The intensities of the vibrations are given as: vs - very Srong; s - SToag:

k-hnd;m-unﬁv-weﬁ:-dw-very‘n&.
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the Raman spectrum), probably a g, vibration, was quite strong in the bulk spectrum,
but barely comes out of the noise in the spectrum of LBs. Therefore, the FTIR spectra
indicate that the molecules were oriented such that the plane of the Pc rings were nearly
co-planar to the surface, and at the same time, there was no evidence of lateral
anisotropy. Polarization FTIR experiments revealed no differences in the spectra of the
LB film when the infrared radiation was polarized parallel or perpendicular to the
dipping direction, i.e., there was no observed anisotropy.

3.5 Raman and Resonance Raman

The arrows shown in Figure 3.5 illustrate the wavelengths of the laser lines that
were used to excite Raman scattering. The coherent resonance Raman scattering (RRS)
process occurs when an exciting laser line is close to or in resonance with an allowed
electronic transition. Scanning the excitation frequency from off resonance to on
resonance results in sharp changes in intensity and other spectral properties. The
intensity changes are clearly seen in Figure 3.8 where the Raman spectra recorded from
three different laser lines are illustrated. The frequencies and assignments of the
observed fundamentals are given in Table 3.2. A general theoretical treatment is
applicable independent of incident radiation. The general vibronic representation of the
Raman intensities gives each polarizability tensor component as a sum of the three
Albrecht terms (57]:

@y = A+B+C 32

where 4 is also referred to as Franck-Condon scattering and B is known as the
Herzberg-Teller term. Contributions from the C term are quite small and so will not be
considered in any further discussions. For large molecular systems, such as
phthalocyanines, the most important contribution comes from the B term which takes
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647.1 nm laser
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400

Figure 3.8: The Raman spectra of EuPc, dispersed in KBr. The laser lines used to
obtain the spectra are indicated about each spectrum.

into account the coupling of electronic states by the coordinate operator [58]. Thisis
due to the fact that for large Pc molecules the excited and the ground state potential
energy surfaces are very similar. Consequently, the spectra shown in Figure 3.8 do not
display harmonic progressions, and a uniform enhancement of several fundamental
vibrational frequencies is observed. The symmetry of the observed fundamentals is
given by the direct product of the symmetries of the electronic states. For Pc or Pc,
molecules the main two electronic states are E, (D) or E (C,,) supplying
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A Ay +B By or A,+A,+B,+B, symmetries for the coordinate operator, and a general
enhancement of fundamentals belonging to all these symmetry types is expected.
Table 3.2: Raman spectral frequencies (in cm™*) and band assignments of EuPc,.

RS from 488 nm | RS from 514.5 | RRS from 647.1 | FT -SERS (1 LB) i
laser line nm laser line nm laser fine on 20 nm Au
1604 sh C=C str berzene v,
1595 s 1596 s 1598 ww 1590 W C=C str benzene v,
1556 W 1556 ww 1556 ww 1553 w C=N aza group
1518 m 1520 sh 1519 m 1518 m stretch
1 1501 m 1502 s 1506 sh 1506 m pyrrole stretch
I 1484 ww | 1486w _| 1484 w _JcC=Cbenzenestrv,,
|71421 w 1419 _ m 1419w 1413w ] isoindole str a,
1403 m 1404 m 1403 w isoindole str a,
H 1360  ww | 1364 w liscindole stre
| 1346w 1346 w
1330 w | 1326 m 1332w 1331 m jcC-Cpymolestra, |
|F1301 w 1302 m 1301 w 1303  w || C-H in-plane deformation
1216 w 1217 w 1216 w 1218 w C-H in-plane deformation
IPW:; s 1173 s 1170 2w | 1174w la
1157 m 1161 w 1158 W 1160 w C-H bend
i 1143 w 1146 w | pyrroie a,
|l 1118 s 1118 s 1118 w JC-Hbende A
l 1104 w 1104 w 1106w 1104 w ] C-Hbend
1072 W 1071 w C-Hbend e
1058 W 1062 w 1058 w C-Hbend e
1009 W 1008 w 1006 ww 1007 vw C-H bend a,
937 w 936 W
842 m 839 w | 843  ww QC-Houtofplane v,
816 ww 816 w 816 m 817 w C-C-Cbend v,
780 w 782 w 782 w 780 s benzene breathing 8, v
773 w 774 w
741 m 740 m 742 741 m C-H 8
732 sh 734 $ Cc-C-C ering v,
679 m 679 m 879 s 679 m breathing a
576 m 576 m 577 m 576 W benzene radial
563 w 561 w 566 ww C-C-C in-plane bend v,
549 w _552_ w 552 2w C-CLCi bend v
479 W 481 b 478 m 481 w ring def.
354 w 354 w
279 w 277 ww
241 W 239 W 240 W metal—N
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The krypton ion laser emitting at 647.1 nm used as the incident light source for
Raman experiments on phthalocyanines gives very significant enhanced signal due to
resonance with the strong Q-band transition. The most intense band in the Raman
spectrum of EuPc, occurs at 679 cm”, and mainly low frequency vibrations are
enhanced as can be seen in Figure 3.8. This band has been assigned to the macrocycle
breathing mode. Indirectly, the observed spectrum seems to support the assignment of
the aforementioned transition, since the orbitals in the ground state that are involved
with this transition have greatest contribution from AOs of the macrocycle.

Contrary to the Raman experiments using the 647.1 nm laser line, the 488 and
514.5 nm lines of the Ar® laser give rise to quite different Raman spectra (fundamentals
of higher frequency are enhanced) due to the fact that entirely different regions of the
absorption profile were probed. More specifically, although these laser lines are near
resonant to electronic transitions of EuPc,, the electronic configurations involved in
these transitions were quite different from those involved with the Q-band transition.

The transition around 460 nm predominantly consists of a transition similar to
the e,~a,, transition of LiPc [39], however, there are in fact many transitions involving
the hole in the valence orbital that fall into this region [39, 55]. Hence, the spectra of
the Raman scattered radiation from the blue line shares a number of common features
with that resulting from the green line due to the probing of common excited states.
Some differences, however, were observed, indicating that the laser lines were also
probing slightly different vibronic coupling. A number of bands appear similarly
enhanced in both the blue and the green laser line spectra, all of these bands invariably
involved modes that have been assigned to benzene vibrations. Thus, while the red line
probed the inner macrocycle ring of the phthalocyanine ligands, the blue and green
lasers gave Raman spectra that emphasize the modes of the peripheral benzene rings.
Some important trends were seen which could give an insight into the AOs which
contribute to the transitions at 514.5 nm and 488 nm. For clarity, the bands showing the
greatest similarity between the two spectra were tabulated in Table 3.3. These bands all
seem to share similar relative intensities with respect to each other, an indication that a
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common vibronic coupling has been probed.

RS of EuPc, 514.5 nm laser line
1595 [ 1596 s
1403 m 1404 m
1173 s 1173
1118 s 1118 s
1104 w 1104 w
1009 W w
780 w w
563 w w
549 w w_

Important spectral differences are worth noting. The differences generally
involved bands associated with the pyrrole ring. For example, the spectrum from the
green line showed a much greater intensity for the band at 1502 cm™ than was observed
in the blue line spectrum. This band corresponds to the C=C stretching vibration of
pyrrole. Other bands that were preferentially enhanced in the green laser spectrum were
found at 1420 cm ' and at 1326 cm™. These bands too were assigned to pyrrole normal
modes. Notably, the band at 1302 cm™ has been assigned to a C-H in-plane deformation
and a C-H out-of-plane bend was observed at 842 cm™. Both of these bands were
greatly enhanced for the green laser line experiment.

A vital tool to aid in the unambiguous assignment of the enhanced versus the
normal Raman scattering is the near-IR Raman technique. In practice, FT-Raman has
been extremely useful for recording the spontaneous Raman spectrum of most
compounds because the 1064 nm Nd:YAG laser source was generally quite far from
resonance, and the signal averaging advantage afforded by the Fourier transform
technique brings out even very weak signals. Unfortunately, attempts to record FT-
Raman spectra of the bulk EuPc, were unsuccessful due to heating of the sample.
Consequently, FT-SERS, a technique which has been used successfully to record spectra
of LB monolayers [50] was used.
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3.6 Surface Enhanced Raman Scattering

The impingement of photons onto metal particles induces electromagnetic fields
that facilitate the enhancement of the very weak Raman signal typical of thin films. The
enhancement arises from the dielectric properties of the metal and the particle shape
such that the polarization is given by:

=1 () g
4x l+(e-1)4 ° 33

where € is the complex dielectric function of the metal, 4 is a shape factor for the
particles, and E, is the electric field from the laser light. Assuming the particles are
spherical, the shape factor becomes 1/3 and equation 3.3 becomes -

3 e-1
P == .
4t €+2 E 34

Clearly the polarization approaches infinity as the real part of the dielectric function
approaches minus two. Since the dielectric has a wavelength dependence, the choice of
metal and careful control of the particle size are important factors of consideration for
the surface enhanced spectr_oscopy in general and surface enhanced Raman scattering
(SERS) experiments in particular. The metal particle films must be tuned to the desired
frequency of the electromagnetic radiation.

The choice of metal and film thickness that would give optimal enhancement for
a given frequency of radiation was predicted using tabulated values of the dielectric
functions [59]. Ultimately, the choice of metal and film deposition techniques were
determined empirically from the determination of the surface plasmon frequencies by
recording the transmission UV-visible-near infrared spectra of the metal island films as
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deposited onto glass slides. arr
Examples of such spectra are shown o.s.
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. ) . Figure3.9: The plasmon absorptions of: (a)a 6
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laser line. Larger gold particles and
hence a thicker film was necessary
for the FT-SERS experiments where
the near infrared Nd:YAG excitation
source was used. The spectrum
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shown in Figure 3.10 represents a 20 4
nm gold island film.
The FT-SERS spectrum of a
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single monolayer of the EuPc, on a Figure 3.10: The plasmon absorption of a 20 nm
20 nm thick gold island film is gold island film on a glass slide.

shown in Figure 3.11 (top trace). This spectrum was the second reported FT-SERS
spectrum of a single monolayer thin film [50], though many examples have followed
[60-62]). Although FT-Raman has the important property that the laser line that is used
for FT-Raman experiments generally lies far from any electronic resonances, this was
not clearly the case with EuPc,. Weiss and coworkers have reported the observation of
pre-resonant Raman enhancement in GdPc, using FT-Raman [52]. Hence, the FT-
SERS spectrum of EuPc, did not resolve the problem of resonance enhancement effects
versus spontaneous scattering, though important information was obtained.
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Figure 3.11: The surface enhanced Raman scattering spectra of LB monolayers. The
laser lines and film characteristics are indicated for each spectrum
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The bands which appear to show the greatest enhancement were found at 1331,
780, and 734 cm™. The latter two bands were clearly the most intense of the spectrum,
and were assigned to a benzene breathing mode and a C-H wagging mode respectively.
The 734 cm™* band was perhaps the most puzzling, since this band is nothing more than
a shoulder in all of the other Raman spectra. It was possible that orientation effects may
play an important role in the FT-SERS intensities, and they may not be directly
comparable with the bulk spectra.

Since the FT-SERS observed with EuPc, was likely biased by orientation of the
molecules on the metal island surface, a comparison with the SERS spectra of two LBs
on silver island films is also shown in Figure 3.11. The decrease in relative intensity of
the in-plane bands was typified by the striking decrease in the intensity of the C-H
bending mode around 741 cm™', particularly in the SERRS spectrum recorded from the
Kr* laser line (647.1 nm). The effect of the orientation of the polarizability tensors for
the normal modes is explained in terms of the propensity rules [63]. It is possible that
the strong relative intensity of the out-of-plane C-H vibrations in the FT-SERS spectrum
may be due to a nearly flat-on orientation of the molecules on the surface.

By comparison of the SERS spectra in Figure 3.11 with the bulk spectra of
Figure 3.8, it can also be seen that there are subtle differences between the two sets of
data. Since the vibrational frequencies are observed unshifted from those of the bulk
(KBr pellets), chemisorption onto the metal surface is ruled out, and intensity changes
should be associated with molecular orientation. For instance, the spectra where the
green (514.5 nm) and blue (488 nm) lines of the Ar” laser were used show an additional
band at 986 cm™ which was not seen in any of the bulk spectra. This band was assigned
to the C-H out-of-plane bending mode; nominally the vs benzene vibration [64]. The
significance of this band assignment is in the out-of-plane nature of this vibration,

further evidence of the orientation of the molecules on the surface.
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3.7 Conclusions

Floating monolayers of EuPc, with a limiting area of 1 nm? for the solid phase in
n-A isotherm (tilted molecular orientation) were prepared. LB films probed using
transmission infrared spectroscopy showed a nearly flat-on orientation of the molecules
and no anisotropy in the dipping direction. Characteristic electronic transitions of
EuPc, molecules were recorded in the UV-vis and near infrared spectral regions. Near
infrared charge transfer transitions of an LB film, of a LaPc, compound, are reported
here for the first time. The distinct Raman intensity patterns obtained in resonance with
the Q-band (647.1 nm) and with the 488 and 514.5 nm laser lines are discussed in terms
of the vibronic approach. The surface-enhanced Raman spectra of EuPc, LB films on
metal island films including the FT-SERS of a single monolayer of EuPc, were also
recorded. The conclusion from the SERS data was that the EuPc, molecules are
physisorbed onto silver and gold. However, the relative intensity of several normal
modes indicates the presence of a predominantly flat-on molecular orientation of the
monolayer on the metal island film. The assignment of characteristic vibrational

frequencies is given.
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In addition to the application of phthalocyanine complexes as dyes, scientists
and engineers have uncovered considerable uses for these compounds due to their
electrical and photoconductive properties [13, 65, 66]. Extensive studies of the
electrical and photochemical properties of phthalocyanines, a p-type semiconductor,
have been conducted on single crystals, compressed disks, evaporated films, and
dispersions in polymer binders [65-68]. The electronic semiconductivity of Pc
materials, particularly when exposed to small electron donating or accepting gaseous
molecules, has helped foster much work towards the development of gas sensor devices
utilizing these materials.

The fabrication and electrical characterization of Langmuir-Blodgett (LB)
monolayer films of the bisphthalocyanine sandwich compounds having a central metal
atom of the lanthanide series have drawn considerable attention. Previous work has
concentrated on the electrical response to NO, (NO,/N,0,) exposure on thin films of
GdPc, [69], CePc, [46], TbPc, [37], and TmPc, [20]. In all cases an appreciable and
reversible change in the conductivity of the films was noted upon exposure to the NO,
dopant, however the magnitude of the response varied considerably. The central metal
atom must therefore play a significant role in the conductivity of these films.

As well as the electrical measurements, many spectroscopic experiments have
also been performed to study the changes of Pc thin films subjected to NO,. In
particular, UV-visible and surface enhanced Resonant Raman scattering (SERRS)
spectroscopies were quite useful monitors of chemical changes of the Pc films due to
the apparent reversible reactions with NO,.

This work presents the electrical and spectroscopic behaviour of LB films of
EuPc, when subjected to varying concentrations of NO,. The adsorption-desorption
process of NO, onto the LB film is discussed in context of the electrical response as

38
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well as the UV-visible and SERRS spectroscopic changes. Additionally, electren spin
resonance (ESR) spectroscopy was utilized to investigate the effect of NO, exposure on
bulk samples of EuPc¢,, GdPc,, and LuPc,. These preliminary investigations gave further
insight into the nature of the NO, chemisorption process.

4.1 Experimental

Several different experiments- were performed to investigate the properties of LB
films of EuPc, with particular emphasis placed
on their applicability as an NO, gas sensor. The

results of these experiments as well as ESR and
FTIR experiments on bulk samples follow. A
group of spectroscopic experiments were
performed; the instrumental details of the UV-

visible and SERRS experiments were given in

Chapter 3. The particulars of the conditions

used to record the spectra of LB films upon
exposure to NO, are given within the context of

the discussion of the spectra.

Thin film surface conductivity
experiments were conducted using interdigitated
gold electrodes [46]. An illustration of an

interdigitated electrode is shown in Figure 4.1,
the 25 pm wide by 25 mm long gold fingers
were separated from each other by 25um gaps.
Deposition of an LB film onto the electrode

closes the circuit and the electrical response of

the thin films was recorded by a Keithley 617  Figure 4.1: An interdigitated gold
electrode used for surface
programmable electrometer. conductivity experiments,
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Analysed cylinders of 83 ppm and 1058 ppm NO, in nitrogen were purchased
from Linde Specialty gases. Ultra pure (99.999%) nitrogen from Liquid Carbonic Inc.
was used to dilute the NO, using the arrangement illustrated in Figure 4.2 to attain the
desired concentrations of NO,. In all of the gas adsorption experiments, the total gas

flow was held at 40 cm’min™'.

.
% : Shut-off
To ‘ - aives
Vacuum——1 o
Feedthroughs for
heater, thermocouple, Gas flow
and electrical Controllers
measurements

Figure 4.2: A schematic of the apparatus for mixing and flowing the NO,/N, gas
mixture over the EuPc, LB films on the interdigitated electrodes.
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The EPR experiments were conducted on a Bruker ESP-300E spectrometer
operating in the X-band microwave frequency (9.4 GHz) and the magnetic field was
provided by 12 inch electromagnets capable of producing fields up to 1.5 Tesla. A
variable temperature accessory to provide temperatures ranging from 500 K down to a
lower limit of 100 K was utilized for the temperature dependant experiments.

4.2 UV-Visible and SERRS Spectroscopy

The UV-visible and near infrared absorption spectra of an LB film of EuPc, was
reported [70] and discussed in Chapter 3. The predominant features of the electronic
absorption spectrum of EuPc, consisted of very intense bands attributed to t—-n"
transitions of the conjugated macrocycle rings. These bands, nominally the Q-band
(678 nm) and the B-band (323 nm), are typical of all phthalocyanines. Also visible were
vibronic transitions of the Q-band at 604 nm. Bisphthalocyanine lanthanide compounds
(LnPc,) possess additional bands arising from transitions involving the half-filled
HOMO level.

Langmuir-Blodgett films of EuPc, were prepared on glass slides. The films
were exposed to NO, and the UV-visible absorption spectrum was recorded and
compared to the spectrum of the newly deposited film. The marked changes in the
electronic spectra of EuPc, LB films are illustrated in Figure 4.3. To the naked eye, the
film changed from deep green to pale red. This phenomenon was indicative of the
appreciable reduction of the intensities of the Q and B bands as well as the shifting of
the wavelength of the band absorptions. For example, the Q-band shifts from 678 nm to
720 nom. The B-band was similarly affected. The charge transfer band has shifted from
468 nm to 516 nm, and it became relatively much more intense. All of these changes
are indicative of an oxidation of the phthalocyanine ligand.

The UV-visible absorption spectrum of the NO, exposed film was recorded
periodically. The film appeared to have completely recovered, indicating a completely
reversible process. This can be seen in Figure 4.3 from the spectrum recorded two days
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after NO, exposure. When the film was placed in vacuum, the film recovered much

more rapidly, as would be expected.

---- Days after
exposure
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Figure 4.3: The UV-visible spectra of EuPc, LB monolayers on glass before
and after exposure to NO,. While the colour change in the film
immediately following exposure was remarkable, the film seemed
to recover with time.
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Another LB film of EuPc, was prepared on a 4 nm think gold island film. The
surface enhanced resonance Raman scattering (SERRS) spectrum of the neat film was
recorded. This film was exposed to NO, and the SERRS spectrum was once again
recorded periodically to monitor film recovery.

The nature of resonance Raman scattering causes the greatest enhancement to be
seen for those normal modes having a considerable degree of character associated to the
absorbing chromophore. Since the 647.1 nm Kr" laser line was used, this RRS
experiment gives information of the macrocycle normal modes because this laser line
was in resonance to the very intense T-=x" transition.

The results of the SERRS experiments are illustrated in Figure 4.4. The top
trace shows the clean LB film of EuPc,. The next trace shows the same film
immediately following exposure to NO,. A considerable change in the SERRS spectra
was clearly evident. Most notably, the macrocycle breathing mode at 680 cm™, having
the highest intensity in the clean film spectrum, was quite weak in the exposed film
spectrum. Also, an aromatic C-C, C-N vibration at 1550 cm’, barely coming out of the
baseline in the clean film, was the most intense band in the exposed film spectrum.

The next trace shows the SERRS spectrum of the same exposed film two hours
later. Already the film had begun to recover. The final trace gives spectroscopic

evidence to the reversibility of the chemisorption process.

4.3 Electrical Measurements

The electrical measurements of LB films was facilitated through the use of
interdigitated electrodes (IDE). The electrode consisted of 600 fingers of gold that were
25 um wide by 25 mm long. The opposing digits were separated by 25 um gaps. The
experimental details were given elsewhere [46].
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Figure 4.4: The SERRS spectra of EuPc, LB film on 4 nm gold island film
using the 647.1 nm Kr* laser line. The spectra show the dramatic
and reversible changes brought on by NO, gas exposure.
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After LB films of EuPc, were transferred to the IDE, the electrode was tested to

ensure good Ohmic contact

was made between the LB 17 i

film and the gold electrode. | 807 ;

The results of suchatestare | 60 - i

shown in Figure 4.5. The 0. E

current through the circuit |

was measured as the applied § 29 1

potential was varied. E ¢ ;

Clearly from the results of |G .20

Figure 4.5, Ohm’s Law (V = <0 y=96.60x + 1.18
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4.3.1 Thermal Conductivity of EuPc, LB Films

The thermal conductivity of EuPc, LB films were measured from room
temperature up to 200 °C (see Figure 4.6). During the first cycle, the conductivity
shows a local maximum at about 140 °C. This corresponds to the desorption of trapped
atmospheric gases, particularly oxygen. When the film was kept under vacuum, the
second and subsequent cycles all follow the exponential increase in the conductivity as a

function of temperature that is expected of a semiconductor material, as is shown in
Figure 4.6(b).
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Figure 4.6:  The thermal conductivity measurements of an LB film of EuPc,:
(a) represents the first cycle where trapped oxygen was released
and (b) represents subsequent cycles.

The activation energy for conduction was determined using the common
expression for conduction in semiconductors:

E,

o =gy e @.1)

where o is the conductivity, k is the Boltzmann factor, T is the absolute temperature,
and E, is the activation energy. From the semilogrithmic plot of conductivity versus 1T
shown in Figure 4.7, the activation energy was found to have a value of 0.27 eV (from
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the data, In(c)=-11.63 -

47
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145} 4
1569.5/T; #=0.993). This i \
was comparable to the values} 4sol |
obtained for other LnPc, -
films as indicated by the [
table of activation energies | 5 153t \\ il
for various LnPc, samples E {
reported in Table 4.1. Note -16.0 - N
that the activation energies g \
for LB films of TmPc, and -165[ .
TbPc, were higher than for . . TR . .
EuPc,. The europium 20 2-15000" (K‘%.O 35
centred complex was Figure 4.7:  The semilogrithmic plot of conductivity

therefore going to be more

versus reciprocal temperature.

responsive to NO, gas since the barrier to conduction was lower.

Table 4.1: The activation energies of conduction for a variety of LnPc, complexes.

Complex Form E, (eV) Reference
LuPc, Single Crystal ' 0.64 7
LuPc, Evap. Film 0.2 72
YbPc, Evap. Film 04 7
TmPe, Evap. Film 0.28 22
TmPc, LB Film 0.36 20
DyPc, Evap. Film 0.2 7
TbPc, LB Film 0.38 37
YPc, Evap. Film 03 72
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4.3.2 Electrical Response of EuPc, LB Films to NO,

The response of the EuPc, chemiresistor was measured by applying a constant
potential of 0.5 V to the film and monitoring the current as the NO, flowed over the
sample. The electrical response to an NO, concentration of 2 ppm was monitored; the
current (and hence conductivity) change was slight, but measurable. The NO, flow was
stopped and the desorption process monitored once again by measuring the current
change as a function of time under a constant potential. The cell was pumped out for
several hours to remove the residual NO, and the experiment was repeated with several
NO, gas concentrations. The results of such experiments are shown in Figure 4.8.
Clearly the response increased for higher concentrations of NO,, and the sensor began to
approach saturation after 25 min. One other important observation was that the
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Figure 4.8:  The electrical response of the LB film when exposed to various
concentrations of NO, gas in N,. .
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desorption rate was much slower than the adsorption rate.
The rate of NO, adsorption may be described in a first approximation by the

Elovich equation:
Ey » ab
09 . A
-4 H© 4.2
4.2)

where 6 represents the fraction of surface covered, 4 is a constant at a given pressure, &
is a constant for a given surface, and (E, + @6) is the activation energy of the adsorption
process (E,). An analogous expression gives the desorption rate:

5 -8
. _ g TR @4.3)
dt

Assuming that the change in the film conductivity is proportional to the surface
coverage, then equations 4.2 and 4.3 may be rewritten in terms of the change in
conductivity with respect to time. Solving equations 4.2 and 4.3 gives

E,
RT RT =
0, = — In(t/t, + 1); ty=— 4.9
ads a (t/ty + 1); 4, oA e
and
RT RT =k
em = 9o+ T ln(l“‘/tlo); fO:EE e kT . (4'5)

The current change as a function of the logarithm of elapsed time should therefore give
linear relationship [37]. Such Elovich plots are given in Figure 4.9. The results indicate
that the adsorption-desorption kinetics are well represented within the Elovich's
approximation. However, the adsorption data showed a well defined incubation period,
seen just before the linear part of the Elovich's plot in Figure 4.9.
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Figure 4.9: Elovich plots of adsorption (left axis) and desorption (right axis) of
24.9 ppm of NO,.

The incubation period for adsorption was clearly seen in the raw data current
versus time as shown in Figure 4.10. The trial 3 in this figure, correspond to NO,
adsorption by the same film that had been previously annealed for six hours at 375 K.
After heating, it was evident that the response was immediate and the delayed response
time had disappeared. As was mentioned earlier, the desorption rate was quite slow.
This data displays evidence that when the sensor was exposed to higher concentrations
of NO, the film could not completely recover simply by pumping on the cell. Heat was
needed to desorb the more strongly adhering NO, molecules in the same way the heat
was used to initially remove the atmospheric oxygen from the films. This last point
seems to contradict the spectroscopic findings which suggested that the films recovered
completely. Consequently, the notion that the electrical conductivity experiments would
be far more sensitive to NO, gas exposure than spectroscopic experiments has been

reaffirmed.
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Figure 4.10: The response of the sensor to 105.8 ppm NO,. The first two trials
show significantly inhibited initial response. The third trial was
conducted after the sensor was thermally treated for six hours; the
film response was greatly enhanced.

The persistent presence of NO, in LB films of phthalocyanine compounds was
also observed by Lando et. al. for the axially substituted amphiphilic dimer
[(C4H,,),SiOSiPcOGePcOH] [38]. It was hypothesized that two processes were
involved to cause the conductivity changes in Pc films exposed to gases, namely a fast
process due to surface adsorption and a slower process due to bulk diffusion [38, 73].
The NO, molecules that were absorbed into the bulk were more strongly bound within
the solid than those adsorbed on the surface, and thus required additional energy from
heating to effect their removal.

In addition to the kinetics of NO, adsorption, the thermodynamics was also
examined in order to discern the sensor response as a function of the NO, concentration.
While the Langmuir isotherm applies very well to systems where physisorption was the
predominant adsorption process, the Temkin isotherm better describes the cases where
the chemisorption process was important (74]. The Temkin isotherm modifies the
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Langmuir isotherm by including a factor that imparts a linear dependence on the heat of
adsorption with respect to surface coverage, i.e. O = Qy(! - @6). The Temkin isotherm
then takes the form

0 = RT In P + constant (4.6)

Y
where y = Q,&and P is the partial pressure of the adsorbate. This expression was used
in the analysis of the sensor response when saturated with different concentrations (10.4,
24.9, 49.8, and 105.8 ppm) of NO, gas. The semilogrithmic plot of the current versus
gas concentration at 300 K is given in Figure 4.11 and shows good agreement with

Temkin’s empirical model.
ince th
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4.12. Interestingly, :
crestingly Figure 4.11: The response of the gas sensor to various
the sensor response concentrations of NO, gas at 300 K.

after five minutes was very nearly linear.
The results from the conductivity experiments after exposure to NO, and
desorption by heating at 375 K posed some intriguing questions. Why do the
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spectroscopic techniques fail to detect the residual NO,? And does the exposure to NO,
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1 e after S minutes
technique of electron ] s after 10 minutes
. 350 4 s after 15 minutes
spin resonance (also ] v  after20 minutes
known as electron 300 linear regressions
paramagnetic <
resonance, and hence | &
c
the dual acronyms -3
ESR and EPR) £
spectroscopy was
engaged to try to
shed some light on
these queries. e —
0 20 40 60 80 100
Concentration /ppm

Figure 4.12: The sensor response to various gas concentrations
at 5, 10, 15, and 20 minute intervals.

4.4 Discussion of EPR Experiments

It was assumed that the electrical measurements were indicative of a change in
film structure resulting from the absorption of NO, molecules into the film. Such
structural changes were not reflected in the UV-visible and SERRS experiments but the
spectroscopy did show that the films recovered completely after exposure to NO,
without change in the molecular energy states. In fact, the rate of recovery was quite
fast even at ambient conditions. Consequently, new experiments were required to help
interpret the electrical measurements. Since both the EuPc, and NO, molecules have
unpaired electrons, EPR spectroscopy is a simple tool that is sensitive to any changes in
the EuPc, due to NO, exposure. To that end, a series of preliminary EPR experiments
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were performed on europium, gadolinium and lutetium bisphthalocyanine compounds.

First, the spectra of the bulk pure LnPc, (Ln=Eu, Gd, and Lu) compounds were
recorded at various temperatures. In all cases, the intensities were inversely
proportional to temperature, indicating that the materials obeyed the Boltzmann law.
The spectra of EuPc, and GdPc, were more complicated than that of LuPc, due to the
fact that the Eu™ and Gd** ions have open valence shells, 4f° and 4f” respectively;
whereas the Lu* is a closed shell 4f'‘. Therefore, the spectrum of the LuPc, compound
results only from the unpaired electron on the Pc” radical, while the EuPc, and GdPc,
spectra were a convolution of the ligand and metal unpaired electrons.

The EPR spectrum of EuPc, in toluene at 77 K is shown in Figure 4.13 along
with two spectra illustrating the effect of NO, exposure. Not only did the apparent
intensity of the signal increase, but fine structure began to be resolved.

a) wneqp

o __//\ \/_\' Luskcr ccpoeeet

1 1 1 1 1 ] I 1 ! I 1
3000 3100 3200 3300 3400 3500
(G]

Figure 4.13: The EPR spectra recorded at 77 K of: () the pure EuPc, compound
dissolved in toluene, and (b,c) the same sample exposed to increasing
quantities of NO,.
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Next, bulk quantities LnPc,-NO, adducts were prepared in order to attempt to
quantify the results. This was accomplished by first dissolving the pure compound in
toluene or chloroform and then flowing a mixture of NO,/N, (approx. 500 ppm NO,)
through the solution. The solutions turned red and then clear as a dark red precipitate
was formed. The solution was filtered and the precipitate collected for EPR analysis.

The temperature dependent EPR experiments were done as follows: first the
sample was cooled to 98K and the spectrum was recorded. A series of spectra were
recorded at various intervals while the temperature of the sample was slowly increased
to S00K. The samples were then cooled back to 98K. These cooling and heating cycles
were repeated and the spectra were recorded.

The peak intensities of the from the EPR spectra of the lutetium complex are
tabulated in Table 4.2. The peak intensities for the LuPc,-NO, adduct proved to behave
in a non-Boltzmann manner; i.e. the intensities increased with temperature. This was
not the case for the neat compound which suggests some kind of transformation since
after heating to 500 K, all of the NO, should have been desorbed. The spectrum of the
pure LuPc, complex could never be recovered.

Table 4.2: The EPR peak intensities for LuPc, and the LuPc,-NO, adduct.

Temperature LuPc, (5 mg sample) LuPc,-NO, (2 mg sample)

/K Intensity IxT Intensity IxT
500 46.7 23350 5.53 2765
400 5.04 2016
300 78.8 23640 3.83 1149
250 3.55 887
200 114 22800

100 0.11 11
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The EPR spectrum of GdPc, changed markedly upon exposure to NO,. The
spectra of GdPc, at room temperature and at 100K are shown in Figure 4.14, and the
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Figure 4.14: The EPR spectra of a sample of GdPc, at: (a) room temperature, and ®)

at 100K..

temperature dependent spectra of the GdPc,-NO, adduct are shown in Figure 4.15. As
with the lutetium complex, the temperature dependence of the peak intensities of the
adduct complex did not follow Boltzmann statistics. It seems that the exposure to NO,
causes the formation of a low spin state with a low lying high spin excited state nearby.
This change persists even after the NO, has been desorbed. One possible explanation
for this observation is that the NO, catalysed a phase transition in the material. Such
phase transitions were seen for LB films after heating [75].
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Figure 4.15: The temperature dependent EPR spectra of a sample of GdPc, after

exposure to NO, gas.

4.5 Conclusions

Langmuir-Blodgett monolayer films of EuPc, were applied as NO, gas sensors.

Their response was measured spectroscopically using UV-visible absorption and

SERRS spectroscopies. From the spectroscopic data it was determined that the effects

of gas exposure on the LB films were dramatic and reversible.

The effects on the electrical conductivity of the films due to gas exposure were
also dramatic. They did not however prove to be reversible as it was necessary to heat

the sensor under vacuum to completely recover the film. Preliminary EPR experiments

to study the effects of NO, exposure on LnPc, complexes suggested a completely

irreversible transformation had occurred.
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5.1 Introduction to Microbattery Research

Ever since the first transistor radios hit the market more than thirty years ago, the
electronics industry has been driven to meet the insatiable demand for newer, smaller,
and more technologically advanced electronic gadgets such as cellular phones, pagers,
daily planners, and camcorders. Indeed, the extraordinary success the microelectronics
industries have had in the miniaturization of the electronic components has made it
possible for computers that as recently as twenty years ago would have filled a room,
can now easily slip into an average brief case. To enhance the portability of these high-
tech devices, the development of small secondary batteries possessing high energy
density and capable of delivering reliable power over hundreds of cycles is of
paramount importance. Secondary lithium batteries have demonstrated immense
potential for such applications; as with the miniaturization of the electronics
components, the miniaturization of their power sources is drawing considerable
attention [76-78].

Secondary lithium batteries (and all batteries in general) consist of three main
components: an anode, an ionic conductor, and a cathode. The early lithium batteries
used metallic lithium as the anode material, but its high reactivity and explosive
instability at higher temperatures has prompted the used of materials such as graphite
that facilitate the safe storage of lithium atoms during the charge/discharge cycles by
intercalation/deintercalation between the graphene layers. The ionic conductor consists
of a lithium salt in solution. Truly solid state batteries utilize polymer electrolytes or
ionically conductive glasses, but many lithium battery applications can use liquid
electrolyte.

58
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The nucleus of the work presented here involved the preparation of thin film
cathodes; in particular, the focus has been on lithiated manganese oxide (LiMn,0,).
The bulk material is known to extract and insert lithium reversibly by electrochemical

means:
-Li* =Li’
Li,Mn,0, = LiMn,0O, = 2 A-MnO,. (5.1)
+Li* +Li°

Some advantages that this material possesses over lithium intercalation transition metal
oxides such as LiCoO, and LiNiO, include very low cost and a much lower level of
toxicity.

Unlike the intercalation compounds such as LiCoO, and LiNiO, which form a
layered structure, the LiMn,O, forms a stable spinel phase. This spinel phase is
analogous to the well known MgAl,O, mineral and can be ascribed the general formula
AB,O,. The spinel phase consists of a cubic closest packed array of oxygen anions; in a
normal spinel, the B cations occupy one half of the octahedral sites (denoted by (1
while the A cations occupy one eighth of the tetrahedral sites ([ ]'). This is denoted by

[A4]1* [By)*™ O, (5:2)

The unit cell contains eight formula units (Z=8) corresponding to the formula
“A4B,0;,". A diagram of the unit cell is shown in Figure 5.1 where two sides of the
cubic cell lie in the plane of the page and the third is projected out of the page. The
numbers beside each of the atoms indicate the distance above the page in units of cell
parameter “a”. To help illustrate the sites occupied by the cations, one eighth of a unit

cell is shown in Figure 5.2.
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Figure 5.1:

An illustration of the LiMn,O, spinel

unit cell. Two of the cell indices lie

in the plane of the page while

numbers indicate the fraction o

the atoms are located.

the third

is projected out from the page. The

f cell parameter "a" above the plane where



Chapter S: Thin Film Lithium Microbattery 61
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Figure 5.2:  One eighth of a unit cell of the LiMn,O, spinel. The manganese atoms
are shown to occupy octahedral sites while the lithia occupy tetrahedral

sites.
To maintain charge neutrality during lithium insertion/extraction, the manganese
atoms must undergo reduction/oxidation. This is easily depicted by the following

equilibrium expression:
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-Li° -Li*
LifMn(IIN},,0, = LiMn(IID,Mn(IV)JO; = [Mn(V)),0, (53)
+Li’ +Li*

The [Mn(IV)},O, represents the A-MnO, phase which may also be given as [ ]**"Mn,0,.
This indicates that the material has maintained its predominantly spinel character though
the tetrahedral sites are now vacant. Neutron diffraction studies by Thackeray et. al. of
the process:

LiMn,0, = 2 A-MnO, + Li (54

have confirmed the persistence of a perturbed spinel phase with a slightly reduced unit
cell size corresponding to the extraction of lithium. The small degree of structural
change of the material during lithium insertion/extraction has made it a strong candidate
for rechargeable lithium batteries at 4V.

The insertion of a second lithium ion into the LiMn,O, spinel occurs at about
5 8V and causes a Jahn-Teller distortion in the lattice structure [79]. This distortion
leads to a change from the cubic lattice to a tetragonal lattice structure. The conversion
10 a tetragonal structure is not entirely reversible, and is thought to be a significant cause
of failure in the cathode performance in lithium cells. Consequently, battery
applications using the spinel form of manganese dioxide are best suited to use at the

upper voltage plateau region, namely from about 4.2 volts to 3.5 volts.
5.2 Cathode Film Preparation

The thin film cathodes were prepared by the magnetron sputtering technique.
The sputter sources used for cathode film deposition were the commercially available
Mini MAK™ 1.3 inch diameter sputter guns from US Thin Film Products Inc. These
sputter sources were compatible with both DC and RF power supplies, capable of 250
watts maximum DC power or 150 watts RF power. The RF power was particularly
useful when depositing the lithiated manganese oxide material.
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Many pure elemental targets as well as some alloys are readily available from
suppliers, but the LiMn,O, targets were fashioned from the pure spinel phase LiMn,O,
material prepared by a solid state reaction between LiOH and MnO, at 750°C under
oxygen atmosphere for twelve hours. Approximately 45mg of poly-ethylene glycol
(PEG) was added to 9g of the LiMn,0,, and this was thoroughly ground by mortar and
pestle to give an homogeneous mixture which was placed into a 1.25 inch diameter
stainless steel die to be hot pressed to 25 tons at 200°C for two hours. The pressure was
maintained during the slow cooling until room temperature was attained. The PEG
acted as a binder for the target formation; the 0.5 wt% was determined to be the
minimum amount that could be added that gave good results.

The newly produced targets were sintered in an oven at 750°C under oxygen
atmosphere for 6 h. The PEG was believed to have entirely burned off after this stage
leaving only the sintered target containing only the pure spinel LiMn,0O, material.

Initially, the 1cm diameter magnetic keeper used to hold the target in place on
the sputter gun was affixed directly to the target by application of high vacuum epoxy
(Duralco 4525). While the epoxy seemed to hold well enough under vacuum and during
sputtering, but the targets were brittle and often broke during installation or removal.
Later, a copper disc 1.3 inches in diameter was used to provide extra mechanical
strength; there was also the added benefit of improved thermal contact to the cooling
jacket. The copper disc was attached to the backside of the target by the same high
vacuum epoxy. The epoxy proved not to bind the copper to the magnetic keeper well
enough, so silver solder was used to affix the keeper to the copper disc.

Despite having the desired stoichiometric ratios of lithium, manganese, and
oxygen in the target, it was determined that if only pure argon gas was used during
sputtering, the films being deposited would be oxygen deficient. This was likely due to
fractionation of the target material under the harsh conditions needed for sputter
deposition. This fractionation of the target material was witnessed by the x-ray
diffraction pattern shown in Figure 5.3 of the target after removal from the vacuum
chamber. The diffraction pattern indicates that the material has become multi phasic, in
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Figure 5.3:  The x-ray diffraction pattern of the target material after sputter
deposition. )

particular the target now consists of a mixture of the LiMn,O, spinel and manganese

rich phases such as Mn;O, and LiMn0,. Annealing of the residual target material at

750 °C under oxygen returned the pure spinel starting material as seen in the diffraction

pattern in Figure 5.4.

The oxygen deficiency of the films was confirmed by ESCA and sputter depth
profile analyses. Ratios as low as 1:1 for manganese to oxygen were observed.
Consequently, oxygen was seeded into the argon gas to a partial pressure of
approximately 0.1 mTorr; the total pressure during deposition was typically around 6
mTorr. These conditions were similar to those used by Bates et. al.[77] and increased
the oxygen concentration in the films.

The RF-sputtering technique was used to eliminate the problem of charge
buildup on the target surface that can occur during DC-sputtering. The power applied
was typically 100 W resulting in a deposition rate of 8-10 Amin™ as monitored by the
quartz crystal oscillator.
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Figure 5.4: The x-ray diffraction pattern of the target material as shown in Figure 5.3
after reaction in oxygen atmosphere at 750 °C.

5.3 Characterization of the Cathode Thin Films

The techniques used to the lithiated manganese oxides films were: grazing angle
x-ray diffraction, Fourier transform infrared spectroscopy, and Raman spectroscopy.
The results from each of these techniques were compared with those of the bulk

materials.
5.3.1 Grazing Angle X-ray Diffraction

In conventional x-ray diffraction experiments, both the source and detectors are
swept through the 8 degrees to give a 20 diffraction pattern. For thin films samples,
insufficient layers of atoms are present to give adequate diffraction patterns, and
interference from the substrate diffraction pattem is an additional problem. The grazing
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angle technique holds the source fixed at an acute angle to the sample, typically one
degree, and the detector is swept through the 20 degrees. Artifacts from this technique
include slight shifting of peak positions and changes in the relative intensities of the
peaks. The magnitude of the shift in d-spacing will decrease at smaller absolute d-
spacing (larger values of 20), so the comparison to tabulated diffraction patterns is
straightforward.

The grazing angle diffraction pattern of a2 165 nm film deposited on a silicon
wafer is given in Figure 5.5. The broadness of the peaks is indicative of a low degree of
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Figure5.5: The grazing angle x-ray diffraction pattern for a 165 nm Li-Mn-O film
deposited on a silicon wafer.

crystallinity and the peak positions suggest that the film was a polycrystalline mixture of
multiple phases of lithiated manganese oxide. The pattern most closely resembles the
Mn,O, spinel phase [80]. Hausmannite is a manganese rich spinel as compared to

U
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LiMn,O,, and is likely to consist of [Mn*']"[Mn,*']**O,. The manganese:oxygen atom
ratio of roughly 3:4 was verified by ESCA.

5.3.2 Infrared and Raman Spectroscopy

The complementary techniques of infrared and Raman spectroscopies were used
as diagnostic tools for the characterization of the Li-Mn-O films. The film spectra were
compared to those of the pure LiMn,O, spinel material as well as several other pure
manganese oxide samples. Much work has been done in the mode analyses of spinel-
type materials [81-85]; these compounds have the space group Fd3m(O,’) and the
irreducible representation of the vibrational modes is given by:

T = A, +E T, +3T,, 24, +2E,+ST #2T,,.  (5.5)

By group theory, one of the T, modes represents the translational modes while the other
four are infrared active. The 4, E,, and T, modes are all Raman active.

The FTIR spectrum of
the film deposited on silicon is
shown in Figure 5.6. The ° 526
signal intensity proved to be 8 614 b
quite weak, only the highest 8
frequency mode was observed | 9
before the silicon cut-off was 2
encountered. The peak
correlates well with the highest Q)
frequency infrared active mode . . . . -
of the pure LiMn,O, spinel 500 Woveér?.dmb or /073?1 ‘
[85], the mid-IR spectrum of s €™ The FTIR spectra of: (a) a 165 nm film
the dispersed powder in KBr is of Li-Mn-O on silicon, and (b) the pure
powder of LiMn,O, spinel phase.

shown for comparison.
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The Raman spectrum of the pure spinel material is shown in Figure 5.7. The
broad blended peaks were resolved by deconvolution using the curve fitting subroutines

provided with SpectraCalc software. The results of the fitting are overlayed onto the
spectrum and are tabulated in Table 5.1.

300 400 500 600 700 800
Wavenumber /cm™

Figure 5.7: The Raman spectrum of LiMn,O, powder. Superimposed on the
spectrum are the results from a curve-fitting routine.

The Raman spectra of a Li-Mn-O film on a silicon wafer were dominated by the
extremely intense silicon peak at 520 cm™. Spectra were recorded away from the silicon
peak to bring out the details of the film peaks. These spectra are shown in Figure 5.8, a
number of peaks were clearly evident.
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Table 5.1: The list of Raman frequencies and relative intensities of the pure LiMn,0,
spinel powder and the Li-Mn-O film on silicon substrate as determined by
curve fitting. The symmetry assignments are for the pure spinel [82-84].

Li-Mn-O Film on Si LiMn,0O, powder Symmetry
Raman Shift/cm*  Relative Intensity | Raman Shift/cm™  Relative Intensity Assignment

302 46.6
338 19.0

- 353 7.2 e,
434 1585

- 470 18.3 by
582 8.7 576 34.3 by
625 90.9 628 100. a,
667 29.3 - -
699 100. - -

Application of a curve fitting routine to frequencies lower than the silicon line
resolved four peaks as illustrated in Figure 5.8(a). The region to higher frequency was
similarly analysed and is illustrated in Figure 5.8(b). The results of the curve fitting
routines were also tabulated in Table 5.1. Two of the peaks of the Li-Mn-O film
correlate with those of the pure spinel, which suggests that the material was either
related to the LiMn,O, compound or that the film was polycrystalline and one of the
phases present was indeed the LiMn,0, spinel phase. The very intense peak at 699 cm
could not be attributed to the spinel. Raman peaks for a series of different manganese
oxide powders are given in Table 5.2. A comparison of the Raman spectra of this MnO,
series with the Li-Mn-O film spectrum (Table 5.1) indicates that none of the stable
forms of MnO, were present in the Li-Mn-O film. Either a new phase or a mixture of
phases of Li-Mn-O has been formed.
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Figure 5.8: The Raman spectra of an Li-Mn-O film: (2) to the low frequency side of the
silicon line, and (b) to the high frequency side. The results of curve-fitting
are superimposed on the spectra.
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Table 5.2: Tabulated Raman peaks for a variety of manganese oxide materials.

MnO, * /ecm” MnO, * /cm™ MnO, ® /cm* v-Mn,0, /em*! LiMn,O, /em’
- - - - 288.
- - - 311. 317.
- - - 347. 37na.
517. 525. 505. 488. 477.
§39. 574. 557. 590. 565.
- 627. 637. - -
669. 646. - 644. 658.
- — - 695. -
- 749. 750. 751. 761.

* - chemically prepared sample
@ . electrochemically prepared sample from France.
& _ electrochemically prepared sample, pH 1, 20 °C

5.4 Electrochemical Analyses of the Li-Mn-O Film

The fabricated films were used for charge/discharge capacitance studies. Films
were deposited onto aluminum foil substrates that had been pretreated by plasma
cleaning to remove the aluminum oxide layer; the aluminum foil would act as a current

collector and was much easier to cut to fit the cycling cell than silicon wafer substrates.

5.4.1 The Electrochemical Cell

A sketch of the electrochemical cell is shown in Figure 5.9, the same cell design
used by Verbrugge and Koch [87]. Due to the highly reactive nature of the anode and
electrolyte solution when exposed to water or oxygen, the cell was assembled under an

inert atmosphere in a dry box containing less than 1 ppm oxygen and moisture. The cell
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consisted of nickel current collectors for the anode and cathode, lithium foil as the

anode, a non-aqueous

Clamgp
pressure

electrolyte, a lithium-
aluminum alloy wire as
the reference electrode,
and the Li-Mn-O film on
aluminum foil as the
cathode. Clamps were
used to apply even
pressure over the cell from
each end to ensure a good
seal between each of the

components. The area of

the electrodes that were
exposed to the electrolyte

solution was

approximately 0.601 pressure

square inches (3.88 cm?), FigureS.9: A sketch of the electrochemical cell, after
Verbrugge and Koch [87].

corresponding to a 0.875"
diameter disk.

The electrolyte solution was 0.8 M LiPFg in a 50v% mixture of ethylene
carbonate and diethyl carbonate (EC:DEC). This solvent mixture was stable under the
voltage range used for these experiments and was capable of providing sufficient
lithium ion conduction. The solution was introduced by syringe through a
polytetrafluoroethylene (PTFE) tube; the tubing permitted the solution to be replenished
as well as a vent for gasses produced during the cycling experiments. The surface of the
lithium foil was scrapped by a clean plastic utensil to remove any oxide layer that may
have formed.
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5.4.2 Charge-Discharge Cycling

The mass of active cathode material was determined from a calculation based
upon the film thickness and the cross-sectional area of the electrode surface. It was
estimated that the density of the film material would equal approximately 4.19 g-cm>,
the bulk density of LiMn,0,. Thus, for a film of 200 nm thickness, the mass would
represent 325 ug of material. This value has been found to be low {77], but serves as a
reasonable estimate. Unless otherwise noted, all cycling experiments were conducted
under a constant current of 9.7 pA-cm™.

A measure of battery performance involves the determination of the total

capacity of the cell. This capacity if

often reported in terms of the charge

per unit mass of material and often 70 J
take the units of mA-h-g™. 60
The cells were cycled initially )

over a voltage range from 3.50Vtoan| g
upper limit of 4.20V over ten cycles.

B
£
The voltage range was then expanded | § 40 -
to 3.00V as the lower limit and ten %’
30 J
more charge-discharge cycles were g’

performed. These steps were repeated 20
until ultimately of potential range
from 1.80V to 5.00V was utilized for 10 J

the charge/discharge cycling
experiments. An illustration of the 0. 35Vie 30V 25V  20Ve  18Vi
) v v v v 50V
cell capacity as a function of the Voltage Range
voltage range is shown in Figure 5.10. Figure 5.10: A graph showing the charge
] capacity variation over a number
Clearly, the capacity of the cell of charge-discharge voltage

increased markedly when the wider ranges.
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voltage limits were utilized. In all cases, large internal resistance (IR) drops of the order
of 0.5V was typical. Such obtrusive impedances would account for the greatly reduced
capacities in the films over each of the voltage ranges, and in particular for the narrower
ranges.

For the final voltage range of 1.80 to 5.00 V, the electrochemical cell was
continuously cycled for up to 66 cycles. The results of several of the charge/discharge
cycles are plotted in Figure 5.11. Over this range, the initial capacity of the cell was
determined to be 78.9 mA h g, approximately one half of the theoretical value of 154
mA h g for the LiMn,0, system over the same range [86]. The capacity dropped off
fairly quickly, but after about twenty cycles stabilized around 61 mA hg' as indicated
in Figure 5.12. Part of the capacity decline was due to the apparent increased
impedance in the cell. The IR drop increased to approximately 1.0V at higher cycles.
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Figure 5.11: The charge:discharge capacity of a 200 nm Li-Mn-O film over a number
of cycles.
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Figure 5.12: Plot of the specific charge capacity of the 200 nm Li-Mn-O film during

An encouraging sign from the cycling experiments with this cell was the onset of
better defined plateaus at around 3.3V and 4.2V during charging. The repeated insertion
and removal of the lithium in the mixed phase film caused the conversion of some of the

film material into a spinel.
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5.4.3 The Ratio of Charge:Discharge Capacity

The ratio of the charge:discharge capacity as a function of cycle number (Figure
5.13) demonstrates the ability of these Li-Mn-O film cathodes to retain charge and
deliver the stored energy efficiently and completely. Under ideal conditions, one would
hope to attain a steady ratio of one, meaning that all of the energy put into the cell can
be removed from the cell. After the initial cycle, this ceil shows clearly an ability to

8

B

Charge/Discharge Capecity
&

1.m ‘ﬁr'l""l"lll"l'l'ﬁITY‘UlIl""l'

0 10 20 0 40 50 60
Oyde Nurber

Figure 5.13: The charge:discharge capacity ratio as a function of cycle number for the
film shown in Figures 5.11 and 5.12.
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obtain ratios close to 1.16. The deviation for unity as well as the fluctuations in the data

were likely due to solvent decomposition.
5.4.4 Impedance Analysis of the Cell

As indicated, these cells exhibited voltage drops between 0.5 volts and 1.0 volts.
These drops were likely due to a high degree of polarization at the interface between the
Li-Mn-O films and the aluminum substrates. Impedance measurements were made for
one of these cells when the cell was partially charged (E=3.05 V vs Li/Li%). The results
for a film deposited onto aluminum foil substrate at 400 °C are shown in Figure 5.14

and Figure 5.15; -35000 -~
the plot of the real Z
I

(Z'(Q)) versus the| -30000
o . ] Potential vs. LAI*:
imaginary (Z"(SQ)) <
impedance 26000 7 « E=306v .
(Figure 5.14) very ]

-20000 -
clearly shows the | . @ .
onset of a high 15000 ]
degree of : - .
polarization very | _,0000-
early on. This 1 .
effect was not sooo; « v et Al substrate,

. . deposition temperature: 400°C
overcome until le
the real s = I
impedance Z@)
approached Figure 5.14: Plot of the impedance measurements for a 200 nm Li-
Mn-O film on aluminum.

15000Q.
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While a 3
noble metal logiZ!{*a
substrate such as
gold would have
likely alleviated
this difficulty, the
cost was
prohibitive. 14
Instead of a pure

-
*
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was proposed that a
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200 nm films of

gold were

deposited unto both sides of aluminum foil substrates.
When the substrates were heated in preparation for Li-Mn-O film deposition,

Figure 5.15: Plot of the frequency dependent impedance
measurements for a 200 nm Li-Mn-O film on

aluminum.

however, it was clearly evident from a viewport on the sputter deposition chamber that
something uncxpecied was happening to the gold film as it was turning an odd shade of

‘v ssswsiilil

purple. The gold was rapidly diffusing into the aluminum, a phenomenon that had been
well characterized [88, 89]. Despite the formation of Al-Au alloys, it was not expected
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that the alloys would pose a problem for the cells. The alloys themselves were metallic,
and the gold should inhibit the formation of the aluminum oxide layer that was likely
the major source of polarization in the cell during the charge/discharge cycles.

The impedance 6000
results for a 200 nm Li-Mn- ] Potental vs. LiAJ*: 4
O film deposited onto the 45000 - 0 E=258v .
Al-Au alloy film are given 1

1 a E=sd4 v s
in Figure 5.16 for two 4000 -
different cell potentials. @) . o
This cell clearly shows a <

-3000 -
much reduced level of j ‘.,
polarization than was ‘ .
.m -
observed for the films : s °
deposited onto pure ) 4 o
. ~1000 - 4 o
aluminum. The {1 .4 o Al-Au substrate,

1 & o° :200°C
performance for films Wc depostion temperms
deposited onto this substrate o3 050 o0 2000 0
would therefore be expected ze)

than Figure5.16: The impedance measurements for a 200 nm

to give hi i
o give higher capacity Li-Mn-O film on gold-aluminum alloy.

otherwise similar films
deposited onto the pure aluminum foils.

The capacity of the Li-Mn-O films deposited onto the Au-Al alloy has indeed
increased markedly as compared to the films deposited on pure aluminum. This fact is
clearly seen in Figure 5.17 where the charge capacity was 211 mAhg"'. While a higher
than normal capacity was expected due to the estimation of the mass of the film [77],
this level of current capacity was quite astounding. Even after ten cycles (see Figure
5.18), the current capacity was still greater than the theoretical value of 154 mAhg" for

the LiMn,O, spinel.
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Figure 5.17: The charge:discharge capacity of a 200nm Li-Mn-O film deposited on
the gold-aluminum alloy substrate.

5.5 Conclusions

Thin films of Li-Mn-O were prepared by the radio frequency magnetron sputter
deposition technique on sintered targets of the pure LiMn,O, spinel material. The
infrared and Raman spectroscopy of the films on silicon determined that the films
consisted of a mixture of multiple phases of Li-Mn-O. The grazing angle x-ray
diffraction pattern suggested a structure similar to the Mn;0,, in agreement with ESCA
analyses tkat indicated the Mn:O ratio in the films was 3:4.
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Figure 5.18: Plot of the specific charge capacity of 2 200 nm Li-Mn-O filmon a
gold-aluminum alloy substrate.

Charge-discharge cycling experiments were performed on the Li-Mn-O films
deposited on aluminum foils as well as gold-aluminum alloys. The capacity of the films
on aluminum was initially 78.9 mAhg™ over the voltage range of 1.8V to 5.0V,
dropping to 61 mAhg™! after about twenty cycles. The capacity was limited by the very
large impedance between the Li-Mn-O cathode film and the aluminum substrate. The
capacity of the films deposited onto the gold-aluminum alloy was greatly improved over
that of the films on aluminum. The improved performance of the alloy was due to the
much lower impedance in the cell.
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«__. and I swear it happened just like this:
a sigh, a cry, a hungry Kkiss...
it's CLOSING TIME”

From Closing Time, by Leonard Cohen.

This thesis has served to describe the preparation, characterization, and
application of two distinct devices. One device consisted of Langmuir-Blodgett
monolayers of europium bisphthalocyanine (EuPc,) that were utilized in an NO, gas
sensor. A thin film lithium microbattery was the second device. Films of Li-Mn-O
prepared by reactive magnetron sputter deposition constituted the cathode of the
microbattery.

Floating monolayers of EuPc, were prepared on a Langmuir trough, and LB
films were transferred onto glass slides, ZnS crystals, and interdigitated electrodes. The
LB films were probed using transmission infrared spectroscopy showed a nearly flat-on
orientation of the molecules and no anisotropy in the dipping direction.

Near infrared charge transfer transitions of an LB film, of a LnPc, compound,
are reported here for the first time. The distinct Raman intensity patterns obtained in
resonance with the Q-band (647.1 nm) and with the 488 and 514.5 nm laser lines are
discussed in terms of the vibronic approach. The surface-enhanced Raman spectra of
EuPc, LB films on metal island films including the FT-SERS of a single monolayer of
EuPc, were also recorded. The conclusion from the SERS data was that the EuPc,
molecules are physisorbed onto silver and gold. However, the relative intensity of
several normal modes indicates the presence of a predominantly flat-on molecular
orientation of the monolayer on the metal island film. The assignment of characteristic

vibrational frequencies are given.

82
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In experiments where Langmuir-Blodgett monolayer films of EuPc, were
applied as NO, gas sensors, their response was first measured spectroscopically using
UV-visible absorption and SERRS spectroscopies. From the spectroscopic data it was
determined that the effects of gas exposure on the LB films were dramatic and
reversible.

The effects on the electrical conductivity of the films due to gas exposure were
also dramatic. The change in the electric conductivity of the films due to NO, exposure
was easily detectable for concentrations as low as 2.1 ppm NO, in nitrogen. The
electrical did not however prove to be reversible as it was necessary to heat the sensor
under vacuum to completely recover the film. Preliminary EPR experiments to study
the effects of NO, exposure on LnPc, complexes suggested a completely irreversible
transformation had occurred.

One avenue that should obviously be explored by future researchers would
involve a more complete analysis using EPR to probe the interactions between these two
paramagnetic complexes. Another interesting set of experiments would involve testing
the response of these LB films to other gases such as carbon monoxide (CO), nitrogen
monoxide (NO), oxygen (O,), and ozone (O;).

For the lithium based microbattery project, thin films of Li-Mn-O were prepared
by the radio frequency magnetron sputter deposition technique of sintered targets of the
pure LiMn,O, spinel material. The infrared and Raman spectroscopy of the films on
silicon determined that the films consisted of a mixture of multiple phases of Li-Mn-O.
The grazing angle x-ray diffraction pattern suggested a structure similar to the Mn,0,, in
agreement with XPS analyses that indicated the Mn:O ratio in the films was 3:4.

Charge-discharge cycling experiments were performed on the Li-Mn-O films
deposited on aluminum foils as well as gold-aluminum alloys. The capacity of the films
on aluminum was initially 78.9 mA h g over the voltage range of 1.8t0 5.0 V,
dropping to 61 mA h g* after about twenty cycles. The capacity was limited by the very
large impedance between the Li-Mn-O cathode film and the aluminum substrate. The
capacity of the films deposited onto the gold-aluminum alloy was greatly improved over
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that of the films on aluminum. The improved performance of the alloy was due to the
much lower impedance in the cell.

Clearly, there is much work that could be done involving the substrate
preparation. The greatly enhanced performance of the film deposited on the gold-
aluminum alloy shows great promise for inexpensive electrical storage devices. Also,
more work should be done in the various deposition conditions to improve the

crystallinity and homogeneity of the Li-Mn-O films.
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