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ABSTRACT

The objective of this thesis was to use a novel process to fabricate and characterise
semiconducting metal oxide sensors which detect NO,. This process involves the
photochemical deposition of thin solid films of amorphous precursor complexes. The
precursor film is exposed to light and photochemically produces the desired material, in

this case the sensing element.

The metal complexes, M(CO)sPPhs and M(CO)4(LL)s M= Cr, Mo, W; LL=
H(CH,;)NCH,CH,NH(CHj;), H,NCH,CH,N(C;H;s), = (Ety-en), H,NCH,CH,NH,;) were
synthesised. Upon spin coating, these complexes all form photosensitive amorphous
films. The film quality depends on both the metal centre and the ligands. The best
starting materials were found to be M(CO)4(Et2-en) (M = Cr, Mo, W). Auger analysis
indicates the formation of contamination free Crgss0O, M0g270, and WgsO from these

precursors.

The solid state photochemistry of the above metal complexes is described. The
complexes containing the nitrogen donor ligands were found to follow a one photon
process. The PPh; complexes were found to decompose via a two photon process. The
quantum yields were determined with a kinetic equation derived for a one or a sequential
two photon process. The photoefficiency was found to depend on the metal centre as

well as the ligand environment.

Finally, we will conclude by presenting the characteristics of tungsten and molybdenum
tungsten oxide sensors at various operating temperatures. The electron transport
mechanisms for semiconducting metal oxides are reported. The electron flow in
amorphous tungsten oxide devices was found to follow the variable range hopping
conduction whereas the electron conduction in amorphous molybdenum doped tungsten

oxides was via the single electron hopping mechanism. These sensors were found to



respond to sub-ppm NOy at ~100°C. The reproducibility, specificity and stability of these

devices promise a reliable NOy sensor operation for environmental monitoring.
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CHAPTER 1

Introduction

1.1 Sensors

There is a great demand for sensors which are capable of detecting toxic gases in the
atmosphere. The reason for such demand stems from environmental and safety concerns,
since the toxic gases released from automobile exhausts or chemical plants can directly or
indirectly pollute our environment [1]. For example, NO, is one of the major air
pollutants released from automobile exhausts, because not only is NO, harmful to
humans, but it is also a major source of acid rain. In order to control the amount of NO,
released into the atmosphere, sensors for its detection and monitoring become essential.
Various sensors are also required to detect explosive gases in chemical plants and
laboratories for the prevention of explosions. For the same reason, homes that use natural
gas sources require sensors for the detection of any leakage of the gas. Owing to the
importance of gas sensors in our daily life, there are many research groups working on
gas sensor development [2-5]. Areas of sensor research include: sensing material
development, fabrication process development, device complexity development and
performance development. These research areas will be discussed separately in the

following sections.



There are two main types of sensing materials - organic and inorganic [6, 7. Among
these materials, semiconducting metal oxides have attracted attention because their
resistivities are very sensitive to the gas environment [8-11]. Most of the research on
metal oxide sensors has centred on ZnO;, SnO; and TiO; [3-5, 12-17]. The reasons for
this interest are that these materials have been proven to be sensitive to various gases and
that there is an established technique for producing them. Generally, the types of sensing
elements range from bulk sintered powders to thick or thin films, and these films may
have an amorphous, single crystal, or polycrystalline structure. These sensing elements
are the basic building blocks for more sophisticated devices, such as integrated sensors
{51, sensor arrays [18], field-effect devices [11], and micromachined devices [19]. The
increase in the complexity of the sensor devices may lead to the production of intelligent
sensors with micro-scale dimensions. Even so, most of these sensor devices lack the

specificity, long term stability and reproducibility desired for a commercial sensor.

Although techniques for the preparation of the materials vary from laboratory to
laboratory, there are some common methods which were used. In the early days, ball
milling and dry sintering techniques were used to prepare the materials [20-28].
Recently, techniques for the preparation of the materials have improved significantly.
These new techniques include chemical vapour deposition (CVD), physical vapour
deposition (PVD), various sputtering techniques, and the Langmuir-Blodgett technique
[20-28]. With the development of the new techniques, an even wider range of metal

oxide based semiconductors have been studied or re-investigated [29-32]. In some cases,



the materials produced were found to have different physical and electrical properties
dependent upon the method of preparation. As a result, materials which were studied a

few years ago are currently being re-investigated intensely.

Recently, tungsten oxide based materials have proven to have a high sensitivity to NO»
and a low cross sensitivity to other gases [33-39]. Even though there are a number of
semiconductor metal oxides that respond to NO,, these sensors all suffer from a lack of
specificity. Without specificity, these sensors will not be reliable because of the
possibility of producing a false alarm. Various types of tungsten oxide based sensors
have been studied, including the nanocrystalline Ti-W oxides [33] and WO; thin films
[34-39]. The structure of the WQ; or Ti-W oxide thin films [40, 41] as well as
temperature effects on the size of the mixed metal oxide powders has also been studied
[40]. However, these studies are still at an early stage and consequently, little is known
about reproducibility and long term stability of the sensors. Furthermore, most of these
tungsten oxide based materials were produced by complicated methods such as CVD and
sputtering [22, 23]. Hence an improvement in the fabrication of tungsten oxide based

materials is desirable.

Despite the fact that there have been studies carried out on the sensing mechanism
(adsorption/desorption of gas molecules on the surface of the sensor), the detailed
mechanism remains unknown [42-44]. Evidence shows that the conductivities of

semiconducting metal oxides change when specific gas molecules are adsorbed onto their



surfaces. There are two classes of semiconducting materials, n-type and p-type. The
conductivity of the n-type materials is usually sensitive to the oxidative nature of a gas

whereas the p-type semiconductor is sensitive to the reductive nature of a gas.

After much research, the performance of sensors has improved and the demand for small,
inexpensive gas sensors capable of detecting sub-ppm quantities of NO, has continued.
In this project, our work to overcome some of the limitations of NO, sensors based on
tungsten and molybdenum oxide is described. By using a room temperature
photochemical method of preparation, sensitivity and recovery time of the sensors have

been improved.

Since the interpretation of many experimental results in this thesis will be based on some
theories, these theories will be described in the following introduction sections. They are
the fundamentals of photochemistry, molecular orbital theory and the basis of
crystallography. The structure of a material influences some of its key properties,
including: electrical, thermal, magnetic, and optical properties. Thus, both the theoretical
and experimental aspects for interpretation of the structure a material will be discussed.
Electrical conduction in the solid material will be determined by examining its electrical

properties at various temperatures. Finally the outline for the thesis will be presented.



1.2 Molecular orbital theory

Molecular orbital theory will be described first, since most of the work in this thesis will
be explained in terms of molecular orbitals [45]. The molecular orbitals (MOs) of a
molecule are constructed from the atomic orbitals of each of the atoms in the molecule.
Atomic orbitals are defined as the allowed states for an electron moving in the field of
one nucleus. Figure 1.1 illustrates the two molecular orbitals formed by the 1s orbitals of

two hydrogen atoms. One orbital is the s bonding orbital, and the other orbital is the
G*|s antibonding orbital. Electrons in the bonding orbital have lower energy than those in

the parent atomic orbitals. Electrons in the antibonding orbital have higher energy than
those in the parent atomic orbitals. The molecular orbitals of a complicated molecule can
be constructed in a similar manner. For instance, the molecular orbitals of M(CO)g are
illustrated in Figure 1.2, where M is one of the group VI transition metals. This
qualitative molecular orbital diagram is constructed by making symmetry allowed

combinations of atomic orbitals from the metal (M) and the ¢ donor orbitals from the six
CO molecules. The resultant molecular orbital diagram consists of o-bonding orbitals,
o*-antibonding orbitals and non-bonding orbitals (tzg). The symbol beside each orbital
represents its symmetry. In addition to the ¢ donation of electrons from the carbon to the

metal, the metal d-orbitals also donate electrons to the carbonyl groups. The type of

overlap involved in this bonding mode is shown in Figure 1.3 and is called m-back-
bonding. The molecular orbitals of M(CO)s can then be constructed to include the &-

interaction between the metal and the ligands (see Figure 1.4).



Figure 1.1 Molecular orbitals formed by the 1s orbitals of two hydrogen atoms
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Figure 1.2  Qualitative molecular orbital diagram for M(CO), M =Cr, Mo, W
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Figure 1.3 A simplified valence bond description of the bonding
between the metal and the carbonyl ligands in M(CO),
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If the relative energy difference between the metal and the ligands is small, then the
perturbation of the c-bonding orbital will increase. On the other hand, a bigger energy
difference between the metals and the ligand orbitals will result a smaller perturbation of
the o orbitals. A more electronegative metal orbital will be closer in energy to the ligand
orbitals, thus resulting in a higher energy o* antibonding orbital. For M(CO)s complexes
where M is one of the group VI transition metals, the HOMO-LUMO gap lies between
the tz; () orbitals and the eg* (o*) orbitals. The relative energy difference between these
two orbitals is crucial to the photochemical reactions of these complexes. The ideal
wavelength of light used in a photochemical reaction depends on the relative energy
difference of the molecular orbitals. For example, the energy of light selected to perform
a photochemical reaction in the M(CO)s complexes should be equal to or larger than the
energy difference between the ty () orbitals and the eg* (6*) orbitals. All the chemical
reactions described in this thesis are induced by light, in other words, they are
photochemical reactions. Therefore, the general topic of photochemistry will be

introduced next.

1.3 Photochemistry

The first law of photochemistry was established by Grotthus and Draper [46-48]. It
states: the only radiations that are effective in inducing photochemical changes are those

absorbed by the system. The second law states: A molecule in a photochemical reaction



absorbs one quantum of the radiation that induces the reaction. The general equations

for photochemical processes in transition metals can be written as follows:

ML, + hv - ML* (1.1)
ML, * = energy + ML, (1.2)
ML * -> ML, +L (1.3)

where M is a transition metal, and L is the ligand. ML, is a transition metal complex in
its ground state. Upon light absorption, ML, becomes MLy* which represents ML, in the
excited state (see Equation 1.1). Once MLy* releases energy in the form of heat or light,
then the complex returns to the ground state ML, (see Equation 1.2). Alternatively, ML,*
can react and generate ML,,.; and an uncoordinated ligand L (see equation 1.3). It needs
to be pointed out that whether or not these excited states are singlet or triplet would not
be identified since it is beyond the scope of this work. In order to determine the
photoefficiency of the photochemical reaction, the quantum yields will be calculated.
The quantum yield, ¢, is defined as the number of molecules which undergo a specific
reaction for each photon absorbed [46-50]. In this thesis, the quantum yield for the first
order photochemical reaction was calculated using Equation 1.4. The derivation of the

equation is given in previous publications [51-53].
A'=Ac°exp (=2303 ‘¢ e Lt) (1.4)

In this equation, A" is the absorbance at the wavelength used to monitor the reaction at

time t. A° is the initial absorbance at the monitoring wavelength. L, is the incident light



intensity at the excitation wavelength, €5 is the molar extinction coefficient at the
excitation wavelength, ¢; is the disappearance quantum yield, and t is the photolysis time.
When a H, molecule absorbs light, one of the electrons in the o5 orbital is excited to the
upper G*;, orbital (see Figure 1.1). The resulting configuration is the first excited state of
the molecule. Since the electron in the 6*;5 orbital is higher in energy than what it was in
the oy orbital, the energy of the molecule is also higher. In order for the H; molecule to
go from the first excited state to the ground state, the 0* orbital must be depopulated.
This depopulation of the 6*, orbital will result in either breaking of the bond between the

two hydrogen atoms or in energy being released as heat or light. The situation is more
complicated if the molecule is a transition metal complex. The electronic transitions
which occur in a metal complex can be classified as: metal localised, ligand localised,
and charge transfer (CT). Metal localised transitions occur between orbitals localised on
the metal are referred to as either d-d or ligand field (LF) transitions. Ligand localised

transitions include the ¢-0*, n-t* and n-m* transitions of the coordinated ligands.

Charge transfer transitions include the intramolecular charge-transfer transitions: metal
to ligand and ligand to metal charge transfer transitions. Representative transitions are
shown in Figure 1.4. The transition from a ty; orbital to an eg* orbital is a d-d transition,
since both the ty; orbitals and the e;* orbitals have metal character. The transition
between the 1 ligand group orbitals and the ©t* ligand group orbitals is a t-rc* intraligand
transition because both orbitals are ligand in character. The transition from the ty; orbital

to the t;g* orbital is a charge transfer transition (CT). Since the energy of each transition
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is different, in some cases the complexes can be selectively irradiated in order to promote
specific transitions.

The excitation into the LF transition often results in the loss of ligands, making it a very
powerful tool to induce ligand dissociation. For example, if one of the electrons in the tyg
orbitals is excited to a eg* orbital, then the bonding between the metal centre and the
ligands will be weakened. Since ty; orbitals are mainly metal in character, the
depopulation of this orbital may not affect the bonding between the metal centre and the

ligands significantly. However, population of ¢* orbitals will result in a weakening of
the o-bonding between the metal and the ligands because the e;* (6*) orbitals are of

antibonding character with respect to the metal-ligand bonds. As a result, one of the

ligands is often ejected from the complex.

1.4 Photochemical production of metal and metal oxide films

There has been a great deal of interest in processes which lead to the deposition of thin
films of materials owing to the wide range of applications for thin films in electronic
devices [20-27]. There are many existing techniques for fabrication of thin films such as,
chemical vapour deposition (CVD), vacuum evaporation (VE), ion beam evaporation
(IBE) , and molecular beam epitaxy (MBE) [20-27]. However, some of these processes
such as CVD must be operated at high temperatures, and others require high or ultra high
vacuum systems (VE, IBE, MBE). Since there is usually more than one layer produced
on a single electronic device, one disadvantage of the techniques using high temperatures

is the damage to the existing layers during the fabrication of a new layer. The
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disadvantages of the processes requiring high or ultra high vacuum systems are the high
cost of the equipment and the time consumed in achieving the vacuum. As a result of the
operating conditions, each deposition method imposes strict requirements on the choice
of precursors, e.g., volatility and thermal stability. In addition, new processes may have
advantages over more established methods and also may provide routes to materials
which are not currently accessible. For these reasons, the development of new fabrication
procedures is of importance. A room temperature photochemical processes to fabricate
thin films will be described [54-56]. The general fabrication sequence for the room
temperature deposition method is illustrated in Figure 1.5. The direct deposition process
begins by placing a drop of the precursor solution on a spinning substrate. This precursor
solution contains the starting material (ML,) in a volatile solvent, where M is a metal and
L is the ligand. An uniform amorphous film is formed upon spin coating. In order to
convert the starting materials into metals and free ligands, the film is exposed to UV light
for a specified time. Reaction of the photoproduced metal in situ with oxygen leads to the
production of metal oxides. In this contribution, the process of designing suitable
precursor molecules for the production of the metal oxides of chromium, molybdenum
and/or tungsten will be described. To be a useful precursor for this method the precursor
compound must form kinetically stable amorphous films upon spin coating. In addition,
the resultant thin films must be photosensitive, and the photochemical reaction must lead
to the desired products. Thus, the first main object in this thesis is the selection of
suitable precursor compounds, and the second is the study on the efficiency of the

photochemical process.
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1.5 Determination of structures of the material

The properties of 2 material depend very much upon its crystal structure. It is therefore
desirable to identify the basic atomic arrangement in the solid. All crystalline materials
are situated in a periodic array over large atomic distances (long range order), whereas an
amorphous material has only a short range order [57]. Whether the solid formed is
crystalline or amorphous depends on the preparation conditions. The atoms that make up
crystals are arranged on a crystallographic lattice [58]. The structure of the material is
determined by the unit cell, and its geometry is defined in terms of six lattice parameters
(three edge lengths and the three inter-axial angles). In describing crystal structures, it is
necessary to identify the crystallographic directions and planes. These directions and
planes are specified by three Miller indices. The simplest crystals are those containing
one element such as pure metals. Most metal crystals are based on one of the three
simple crystal structures: face-centred cubic (FCC), body-centred cubic (BCC), and
hexagonal close-packed (HCP). Transition metal oxides crystallise into various types of
lattice structures which are often more complex, e.g., the rocksalt structure and the rutile
structure. Of prime importance to this thesis is lattice structure of the ReO3 metal oxide.
The ReQs; structure is constructed by linking ReQg octahedra through all vertices (see
Figure 1.6). WO; adopts the ReOs structure with the same band structure but different
occupancy [58-60]. (Band structure will be introduced in Section 1.6.) ReQO; is a
conductor because its conduction band is partially filled; however, WO; is a

semiconductor because its conduction band is empty.
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Experimentally, x-ray diffractometry is often used to determine the structure of materials.
When a beam of x-rays impinges on a crystal, a diffraction pattern is produced. This is
due to the constructive and destructive interference after the x-rays scatter from the
crystals. Figure 1.7 shows x-rays of wavelength, A, scattered from two atomic planes
separated by some distance d. The beams will emerge in phase only if they satisfy the

Bragg equation :

nA=2d sinf (1.5)

where n is an integer, A is the wavelength of the X-ray, and d is the lattice spacing. The
lattice spacing d can be calculated by the diffraction angle 26 obtained in the XRD

spectrum. The structure of the material can therefore be determined. In this thesis, the
structure was identified by the X-ray powdered diffraction pattern (XRD) and the known

XRD of the known structures of the material.

1.6 The electrical properties of materials

In most cases, the electrical properties of a solid material are a consequence of its electron
band structure. A band is defined as a collection of closely spaced molecular orbitals,
while a valence band is the bonding set which is completely filled with electrons and a

conduction band is an empty antibonding set [25].
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The space between the valence band and the conduction band is called band gap which is
analogous to the HOMO-LUMO gap in molecular orbitals. The HOMO-LUMO gap is
smaller than the gap in H,, if the molecular orbitals consist of five bonding and five
antibonding orbitals from 10 hydrogen atoms (see Figure 1.8). The greater the number of
hydrogen atoms, the more delocalised the molecular orbitals and the smaller the HOMO-
LUMO gap. Therefore, the bonding and antibonding orbitals may approach the same
energy if enough hydrogen atoms are combined together. With the combination of the
bonding and antibonding orbitals of various metal atoms, three basic band structures arise
- metal, insulator, and semiconductor. A solid is metallic if either the valence band or the
conduction band is partially filled. It is an insulator if any one band is either completely
filled or completely empty. The energy gap in a semiconductor is smaller than in an
insulator. For this reason, electrons can move to the conduction band by absorbing
energy from external sources such as heat or light. As a result, the conductivity of a

semiconductor can be increased significantly.

The electrical properties of a material can also be explained as the response of the
material to an applied electric field. The current, I, is related to the applied bias, V, by

Ohm'’s law as follows:

V=IR (1.6)
where R is the resistance of the material through which the current is passing.

The resistivity, p, is independent of specimen geometry and can be related to R through

the expression:
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(L.7)

where [ is the distance between the two points at which the voltage is measured, and Z is

the cross-sectional area perpendicular to the direction of the current.

1.7 Research plan outline

There are three nitrogen oxides classified as air pollutants: nitric oxide (NO), nitrogen
dioxide (NO,), and nitrous oxide (N.O) [61]. These nitrogen oxides were referred to as
NO; [61]. Nitric oxide converted to nitrogen dioxide in the presence of ozone, and

nitrogen dioxide converted to nitric oxide by sun light [1].

NO, ¥, NO+0 (1.8)
0+0;, — O3 (1.9
03 +NO — 0, +NQO, (1.10)

Therefore, the composition of NOx (the ratio of NO to NO,) varies with the environment:
the intensity of the light, and the presence of ozone. It was also reported that with the
presence of reactive hydrocarbons in the air, the reaction mechanism became even more
complicate {1]. Since both NO and NO; are toxic and they convert to each other in the
atmosphere, it is important to detect both compounds in our surroundings at the same
time. Therefore, the first main goal of this project was to fabricate sensors which were
capable of detecting sub-ppm NO:. The second goal was to apply the room temperature
photochemical process to the fabrication of a chemical sensor in order to provide an

alternative route for the process. Chapters 2 and 3 will be devoted to the designing of the
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starting materials. Chapters 4 and 5 present the fabrication and performance of the sensor
devices and suggest a model for the sensing mechanism. In order to produce metals or
metal oxides from the room temperature photochemical process, the precursors must
satisfy two main requirements. The first is that they should be able to form amorphous
films upon spin coating and the second is that they have to be photosensitive. Chapter 2
presents the photochemistry of M(CO)sPPh; (M = Cr, Mo, W) as solid films on silicon
substrates. A reaction correlation diagram for the photochemical reaction of these
complexes is discussed. The differential equations, for a sequential two photon process,
were derived for the calculation of the photo-dissociation quantum yields. There are two
main problems which arose in Chapter 2. These are the presence of impurities in the
resultant film and that the reaction is a two photon process. The impurities in the
resuitant film indicated that the precursor used in this chapter was not ideal; the two
photon process indicated that this photochemical process was not efficient. Hence, the
objective of Chapter 3 was to solve these two problems. In Chapter 3, the photochemistry
of M(CO)s(L-L) M= Cr (L-L = en, Mes-en, Ets-en), Mo (L-L. = Mes-en, Et>-en), W (L-L
= Ety-en)) as solid films is reported. Their photochemical mechanism is similar and the
primary photoreaction is interpreted using a molecular orbital approach. The quantum
yields for the photo-dissociation for these complexes were determined. The best
candidate to form an amorphous film efficiently will serve as the starting material for the

fabrication of sensors as described in the next two chapters.
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In Chapter 4, the fabrication and the performance of tungsten oxide sensors for the
detection of NOy is presented. The design of the sensor device as well as the chamber for
testing the performance of the sensors is described. The fabrication of the sensor devices
is presented. The structural characteristics of both the amorphous and polycrystalline
tungsten oxide films are interpreted from XRD and Auger electron spectra. The electrical
characterisation of the sensor devices is discussed. Finally, the sensing response of these
metal oxide sensors to different concentrations of NOy at various operating temperatures
is reported. Discussed in Chapter 5 is the fabrication of novel amorphous MogosWO and
MooosWo.730 thin film sensors. The current-voltage behaviour for these mixed metal
oxide devices is reported and their electron transport mechanisms are discussed. Finally
the sensitivity of these devices is reported and discussed. A response to sub-ppm NO; at
temperatures ~100°C was shown. In summary, the room temperature photochemical
process for fabricating functional devices has been proven to be an alternate approach to
sensor construction. This simple and direct deposition process not only eliminates the
possibility of damaging other functional layers on a chip, it also has the advantage of
fabricating a wide range of materials in a short time period. The sensors fabricated have
proven to be sensitive to sub-ppm NOy concentrations. These sensors have advantages
over others in their specificity, reproducibility, and long term stability. The design of the
complexes and sensors as well as the testing of the process serves as a guideline for the
fabrication of various types of sensors for gas detection. It is thus the goal of the thesis
not only to fabricate sensors for NO, but also to serve as a guideline for the fabrication of

many other types of sensors.
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CHAPTER 2

Solid state photochemistry of M(CO)sPPh; (M = Cr, Mo, and W)

2.1 Introduction

The goal of this project is to deposit metal oxide films of chromium, molybdenum, and
tungsten on a silicon substrate via the room temperature photochemical process described
in Chapter 1. In this process, there are two strict requirements which the starting
materials must satisfy. The first is that the precursor molecules must be photosensitive,
and the second is that they must be able to form amorphous films upon spin coating.
Chromium hexacarbonyl is photosensitive in solution, and has been used for the
deposition of chromium films by CVD [62-65]. However, because Cr(CO)s is a highly
symmetric complex it is unlikely to form a randomly oriented amorphous film upon spin
coating (see Figure 2.1). Instead, it tends to form a crystalline film because of its easily
organised lattice. Since the replacement of a CO by a bulky PPh; ligand lowers the
symmetry of the complex from Oy to C4y, Cr(CO)sPPh; was used as the precursor
molecule instead of Cr(CO)s. In order to determine whether or not this precursor is a
good choice, it is necessary to investigate both ability of the compound to form an

amorphous film upon spin coating as well as its photochemistry.
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Figure 2.1 The structure of Cr(CO),, and the definition of the x, y and z axis

for Cr(CO),PPh,
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The photochemical reactions of Cr(CO)sPPh; as a solid film on a silicon substrate were
investigated and will be presented. In addition, a reaction correlation diagram for the
photochemical reaction of the chromium complex will be used for the interpretation of its
photochemistry. Furthermore, it was found that this compiex underwent a sequential two
photon process. A kinetic equation for describing a sequential two photon process was
derived in order to investigate the photoefficiency of this reaction. In order to produce
molybdenum and tungsten oxides, Mo(CO)sPPh; and W(CO)sPPh; were synthesised.
Photochemistry of these two complexes will be presented and compared to that of the
chromium complex. Finally, the quality of metal oxide films of chromium, molybdenum,
and tungsten deposited from M(CO)sPPh; precursors via the room temperature

photochemical process will be presented.

2.2 Results and Discussion

2.2.1 Spectroscopy of solid state M(CO)sPPh; (M = Cr, Mo, W)

Amorphous films of Cr(CO)sPPh3 were easily cast on silicon substrates by spin coating
from methylene chloride solvent. The FTIR spectral information for this metal complex
in solution has been studied and is listed in Table 2.1 [66]. However, the observed
frequencies in solid state of the carbony! stretching vibrations may be different from the
reported values in solution. It is therefore important to compare the spectral information
in solid films and in solution, since the surroundings which the complexes are in may

influence their vibrational frequencies.
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Table 2.1 FTIR spectral information for the chromium, molybdenum, and
tungsten complexes
Compound cm™ Reference
Cr(CO)sPPh;  2064m 1985w 1931vs, 1917vs - a solid film*
Assignments Ay B E
2066m 1988w 1942vs - in CCl4[66]
2070w 1989w 1944vs (1944vs) in CCL4 [67]
Assigpments Ay B E Ay
Mo(CO)sPPh; 2072m 1900w 1939vs, 1925vs a solid film*
Assignments Ay B E
2074m 1989w 1951vs (1951vs) in THF [68]
Ay B E Ay
2074m 1988w 1946vs - in CCls[66]
2075m 1989w 1950vs (1945vs) in hexane [69]
Aq B, E Ay
2078w 1990w 1951vs (1951vs) in CCL4[67]
A B, E Ay
W(CO)sPPh; 2072m 1980w 1931vs, 1917vs - a solid film*
Assignments Al B E :
(2072m) (1944vs) (1944vs) in cyclohexane [70]
Ay E Ay
2075m 1980sh 1938vs in CCL: [66]
2074w 1981w 1943vs (1943vs) in CCL4[67]
Ay B E Ay
Assignments A’ A’ A A’
Cr(CO)PPh: 2012 1900 1888 1825 a solid film*
Mo(CO),PPh; 2020 1990 1895 1850 a solid film*
W(CO):PPh; 2006 1890 1870 1820 a solid film*

vs = very strong; s =strong; w = weak; m =medium; sh =shoulder. * [this work],

* calculated frequencies are listed in parentheses, - band not observed due to more intense

E band



The FTIR spectroscopic information for this solid film was recorded and the spectral data
is summarised in Table 2.1. The FTIR spectrum in both solution and solid films consists
of a band near 2065 cm', a weaker band near 1985 cm™ and two intense bands near 1931
cm! and 1917 cm™. Theoretically, there are three infrared active CO stretching
fundamentals, the two A; modes and one E mode for the Cr(CO)sPPh; (Csy) complex
[66]. However, the weak band at 1985 cm™ was assigned as B, mode due to the slight
mechanical coupling of the CO stretching vibrations to modes in the PPh; group [67].
The coupling enables the B, fundamental which would not otherwise be infrared active.
As a result, there are four carbonyl stretching fundamentals for the Cr(CO)sPPhs
complex. Since all three observed bands have been assigned, the lower energy A, band
was reported to be not observed. However, the position of the lower energy A; band was
assigned to be at 1944 cm™ on the basis of the force constant calculations [67]. Since
there was no calculations performed to determine the band position of the lower energy
Al band in this work, the band position of A, fundamental was not assigned. The
symmetry coordinates for the CO modes in Cr(CO)sPPh; are illustrated in Figure 2.3,
where arrows indicate the direction of dipole moments [71]. It can be seen from Figure
2.2 that the intense fundamental, E, is split into two bands. Presumably, the spitting is
because of both the solid state effects and the coupling of the CO stretching vibrations to
modes in the PPh; group. Because the two E bands couple with modes in PPhs
differently, the E band is no longer degenerate. In solution, this difference is not
significant because the ligands can rotate about the M-P bond. Therefore, the E bands are

degenerate in solution but not in solid films.
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Figure 2.2  FTIR spectra associated with the photolysis of Cr(CO);PPh,
as a surface film on silicon substrate at room temperature

Figure2.3  CO basis set for carbonyl stretches, and symmetry coordinates
for the CO modes in Cr(CO);PPh; where the
arrows indicate the direction of dipole moments
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All carbonyl stretching fundamentals for the Cr(CO)sPPh; in solid state appeared to be
approximately at the same frequencies as those in solution. The slight difference between
the two vibration energies was assumed to result from the specific interactions in the solid
state. Since the chromium complex is surrounded by the solvent molecules in solution
and by other chromium complexes in a solid film, the effect of the environment on the
energy of the modes may become significant. The investigation was extended to films of
Mo(CO)sPPh3 and W(CO)sPPh;. The FTIR spectral information of these two complexes
in both solution and solid films is summarised in Table 2.1. The general pattern in the
FTIR spectra for these two C,4, complexes in solution and in solid films is similar to that
of the Cr(CO)sPPhj (see Figures 2.4 and 2.5) [66 - 69]. These complexes all assumed to
have four fundamentals - two A; modes, one E mode and one B; mode [67 - 69]. The
symmetry coordinates for the CO modes in both Mo(CO)sPPh; and W(CQO)sPPh; are the
same as Cr(CO)sPPhs. These CO modes may also be affected by the surroundings in a
similar manner. The factors affecting the frequencies of the carbonyl stretching modes
are the nature of the metal centre and the ligands [66]. Since these three metal complexes
all have the same ligands, their different carbonyl stretching frequencies are a result of the
differences in the metal centres. Generally, the larger the electronegativity of the metal,
the stronger the ability of the metal to attract electrons. For this reason, the m-back-
donation from the metal orbitals to the carbonyls becomes less significant. Since the
electronegativity of chromium is smaller than that of molybdenum and tungsten, the
carbonyl stretching vibration energy of Cr(CO)sPPh; is expected to be smaller than that

of Mo(CO)sPPh; and W(CO)sPPhs.
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Figure 2.4  FTIR spectra associated withn the photolysis of Mo(CO);PPh;
as a surface film on silicon at room temperature.
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Figure 2.5  FTIR spectra associated with the photolysis of W(CO);PPh;
as a surface film on silicon at room temperature
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In solid state, the three observed energies of Cr(CO)sPPh; were smaller than those of
Mo(CO)sPPhs, which reflected the difference in the electronegativity of these two metals.
However, the difference in the observed carbonyl vibration frequencies of Mo(CO)sPPhs
and W(CO)sPPh; was slight. Therefore, there must be some other factors which also
influenced the extent of m-back-donation or the carbonyl stretching significantly. For
example, the lanthanide contraction on tungsten may lower the ability of the metal to
attract electrons [72]. For this reason, the ability of wn-back-donation for both

molybdenum and tungsten metals may be similar. Therefore, the observed carbonyl
vibration frequencies for both metal complexes may appear to be approximately the same.
In order to perform an efficient photochemical reaction on these metal complexes, it is
necessary to determine electronic spectra of them in solid films. An efficient
photochemical process may be achieved by selectively irradiating the metal complexes at
energies which corresponding to their electronic transitions. For this reason, electronic
spectral assignments for Cr(CO)sPPh; in a solid film were recorded and are listed in
Table 2.2. The published assignments in solution are also summarised in Table 2.2 [73].
There is only a slight difference in the energy of LF absorptions between the solid films
and in solution. Therefore, the lowest energy transition of Cr(CO)sPPhj in a solid film
was assigned according to the solution assignments as the 'Aue’br)-'Ee’by a) LF
absorption. This LF transition can be achieved by irradiating the complex at 366 nm.
The electronic absorptions for Mo(CO)sPPh; and W(CO)sPPh; in both solid films and
solution have also been measured, and the spectral information is summarised in Table

2.2 [68, 74].
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Their electronic transitions in solid films have also been assigned according to the

corresponding assignments in solution. The lowest energy transition of both
Mo(CO);PPh; and W(CO)sPPh; in a solid film was assigned as the 'Aj(e by )-

'E(csbzza;l) LF absorption.

Table 2.2 Electronic spectral assignments for M(CO)sPPh; (M = Cr, Mo or W)

complex Absorption band Assignment Reference
maxima, cm™
(€, cm*/mole]
(g, [/mole)

Cr(CO)sPPh; 27,320 [6.5E06] LF (A, > 'E) asolid film [this work]

27,855 (1.4E03) LE(A - 'E) in solution [73]

Mo(CO)sPPh;
27,320 [1.5E06] LF (A, - 'E) asolid film [this work]
28,990 (~2E03) LF (A - 'B) in THF {68]
~32,260"
32,790 (~6E03)  CT (M —x* CO)
W(CO)sPPhs

27,320 [2.1E06] LF ('A; > 'E) asolid film [this work]

27,500 (4E02) LF (‘A > ) solution {74]

28,800 (2.2E03) LF (‘A = 'E)

*Tentative assignment by authors [68]
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Therefore, the incident light wavelength chosen for performing the photochemical
reaction for these two complexes was also 366 nm. The concentration of the complexes
in a solid film was determined by correlating the absorption in UV/VIS spectra to FTIR
spectra. The absorbance of Cr(CO)sPPh; was plotted against the surface coverage as
illustrated in Figure 2.6. The concentration and the absorbance in the UV/VIS spectrum
were substituted into Beer’s Law in order to calculate the extinction coefficients. These
calculated coefficients will be used in a later section for the determination of the quantum
yields of the photochemical reaction of Cr(CO)sPPh;. Similar extinction coefficient
calculations were carried out for the molybdenum and the tungsten complexes. Their

absorbance/coverage plots are also illustrated in Figure 2.6.

2.2.2 Photochemistry of M(CO)SPPh3 in a surface film and in a glass (M = Cr,

Mo, W)

The photolysis of a thin film of Cr(CO)sPPh; was monitored by FTIR spectroscopy at
room temperature and the spectra are shown in Figure 2.2. The absorption bands
associated with the starting material decrease upon photolysis accompanied by the
formation of a broad band centred at 1900 cm™. Early in the reaction, this band grows in
intensity, then reaches a maximum before finally decaying. By subtracting the spectrum
of the starting complex from the one obtained during photolysis, the spectrum of this

intermediate can be obtained (see Figure 2.7 and Table 2.1).
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Figure 2.7  FTIR spectral changes associated with the photolysis of
Cr(CO)sPPh; showing the intermediate absorption bands
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This intermediate was observed to be coloured yellow. The most probable intermediate
associated with these four CO stretching fundamentals FTIR band which grows in after
photolysis was assumed to be Cr(CO)sPPh;. In order to intcrpret the photochemical
reactions of Cr(CO)sPPhs, a reaction correlation diagram is illustrated in Figure 2.8. The
first molecular orbital diagram represents the d-orbital region of the Cr(CO)sPPh; (Cs,)
molecule in the ground state with one e orbital, one a, orbital, one b; orbital and one b,
orbital. Both e and b, orbitals are completely filled because Cr(0) has six d electrons.
The d-d transitions are expected to be associated with transitions from one of the filled
levels into either the by or the a; orbital. This will result in the loss of one of the CO’s in
order to lower the energy of the molecule. There are two CO ligands that could be
ejected - the equatorial CO associated with the dx*-y* orbital, and the axial CO associated
with the dz* orbital. In both cases, a 5-coordinate complex is formed after this one photon
process. Further photolysis results in the loss of the remaining ligands, and leaves the
metal centres on the substrate. If the ejected CO is at the equatorial position, then there
are a few possible symmetries of this 5-coordinate complex (see Figure 2.9). The first
possible symmetry of the molecule is Cs, with three CO’s at the equatorial positions
occupying three of the comers of a square (as before the CO loss). The carbonyl
stretching vibrations are expected to be one A’’ mode and three A® modes. If the three
equatorial CO’s rearrange themselves into a triangular plane, then the symmetry is Cs,,
with one E and two A| modes. The third case is if the axial CO joins the equatorial

square plane; it then becomes Cy, symmetry with one A; and one E mode.
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In order to determine the proper symmetry for this 5-coordinate intermediate, the FTIR
spectrum of it is re-examined (see Figure 2.7). In the spectrum, there are four peaks
associated with the complex irndicating that there are four carbonyl stretching modes. The
symmetry of this complex is not C4, because there should only be two peaks associated
with this symmetry. The possibility of having a C3, geometry is eliminated for the same
reason. Thus, the intermediate has a Cs symmetry with four CO vibration frequencies
[70, 75]. The generation of a coordinatively unsaturated complex has been confirmed by
the irradiation of the starting material in a 1,2-epoxyethyl-benzene glass at 77 K. The

FTIR spectra provided evidence of the formation of CO at 2143 cm’'[76].

Further photolysis results in the loss of all the carbonyl stretches including the bands

associated with the intermediate at both temperatures. Thus, the reactions may be

summarised as follows.
Cr(CO)sPPh; —Y 5 Cr(CO):PPhs + CO —Y5 Cr+5 CO + PPhy (2.2.1)

The photochemistry of films of Mo(CO)sPPhs; and W(CO)sPPh; has also been monitored
in a similar manner to films of Cr(CO)sPPh;. The spectral changes associated with the
photolysis of these two complexes are shown in Figures 2.4 and 2.5. Both photolysis
resulted in the formation of an intermediate which was also photosensitive and reacted
upon further irradiation. Their spectral information is reported in Table 2.1. The
photochemical process as well as the symmetry considerations are similar to that

described for Cr(CO)sPPhs. Thus, the same reaction mechanism as delineated for the
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chromium complex in Equation 2.2.1 may be assumed to apply to the molybdenum and
tungsten compounds. Equation 2.2.1 is therefore re-written into a more general form:

M(CO)s(PPhs) — Y5 M(CO)a(PPhs) + CO —¥Y M +5 CO + PPh; 2.2.2)

where M =Cr, Mo and W.

2 2.3 Auger Analysis of the film photoproduced from M(CO)sPPh;, M= Cr, Mo, W

The composition of the film produced by photolysis of Cr(CO)sPPh; was analysed by
Auger spectrometry (see Table 2.3). The film consisted of chromium (~20 %), oxygen
(~6 %), phosphorus (2 %), and carbon (~70 %). The presence of phosphorus indicated
that not all of the PPh; from the precursors diffused out of the film after photolysis. It
was less likely to conclude whether PPh; stayed in the final film as PPh; or as the
intermediate M(CO)4PPh; with the available experimental results at this point. The
analysis results for Mo(CO)sPPh; and W(CO)sPPh; are also summarised in Table 2.3. In
addition to molybdenum or tungsten in the film, there are oxygen, phosphorus and carbon
atoms in it. Because of the prevalent carbon and phosphorus contamination, the
calculated composition for all three films can only serve as a qualitative result. The
accurate composition of the metal oxide films can only be determined when the amount
of impurities in the product films is not significant. In addition, because these impurities
would affect the performance of thin film devices, the contamination must be reduced

before these films can be used in applications.
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Table 2.3 Auger analysis result for the product film of M(CO)sPPh; (M = Cr,

Mo, W)
Precursor Sputtering %P %C %M %0 Composition
time (sec.)
Cr(CO)sPPh; O 1.88  69.89 2243 5.80 Cr3.9,030
10 .35  71.52  21.19 5.93 Crs.6,030
20 133 7048  20.88 7.31 Cr29,020
30 228 7040  20.86 6.47 Cr3.2,020
Mo(CO)sPPh; 0 317 7271 6.20 1792 Moqgs,0030
10 3.14 74.17 6.13 16.56  Mog37,0030
30 309 7537 567 1587  Mog36,0030
60 429 7479 5.62 1530  Mogi7,0030
W(CO)sPPh; 0 4.1 54.7 12.2 29.0 Wo.42,0030
5 6.0 51.2 15.6 27.1 Wo.58.0040
15 74 50.5 154 26.7 Wo.58,0.040

2.2.4 The kinetic equations for a sequential two photon process

As indicated in Equation 2.2.2., the M(CO)sPPh3 (M = Cr, Mo, W) complexes undergo a
two photon process. In order to calculate the quantum yields, a differential equation

describing a two photon process was derived.



The absorbance of a sample is related to the light absorbed by Equation 2.1.

4 =logle—1og—{to_ @1

IT Io_IA

where A is the absorbance, I, is the intensity of the monochromatic light entering the
sample, Iy is the intensity of this light emerging from the sample, and I, is the light

absorbed by the sample. Equation 2.1 can be rearranged to :

10*= Lo 2.2)
Ia_IA .

Thus,

I4=(1 -1074)1, 2.3)

We then assume a one photon reaction, where starting material, S, goes to products, P:

hvy
S —P

The absorbance of the sample at time t, A(?), is related to the final absorbance, A(f), and

the initial absorbance, A(0), through the mole fraction of S, x, as shown in Equation 2.4.
A(r) =x[AQ0)-A(f)I+A(S) 2.4)

At any point in time, the absorbance due to the starting material, A’, and product, AP, are

given by Equations 2.5 and 2.6.
AS=xA0) (2.5)
AP =(1-x)A(f) (2.6)
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By combining Equation 2.3 and 2,4, the equation for the light absorbed by the starting

materials is obtained.

d(hv) : xA(0) _A(t)

o |[AOa—aAg |10 @
Where A(t) =xA0) +(1-x)A(S) (2.8)
An approximation for simplifying Equation 2.8 is made (see reference 52)
1-10-CA©) + (- DAY 22303 [ xA(O)}+(1-x)A(f) |

2.9
Upon substitution of Equation 2.9 into Equation 2.7 we have
igt—sz.sos-xA(O)I, (2.10)
which can also be written as
M =2 303.&[5'][0 2.11)

ot

where EAis the extinction coefficient at the excitation wavelength in the UV/VIS

spectrum and [S] is the concentration of the absorbing species.

If the starting material, S, reacted to form an photosensitive intermediate, B, then the

reaction equation would need to be re-written as follows:
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S hv »B hv ' P

Using the same derivation and approximation, the equation for the light absorbed by the

intermediate can be written as follows:

d(hv?®)
ot

where E;s is the extinction coefficient of B at the excitation wavelength in the UV/VIS

=2.303-&[B]I. 2.12)

spectrum.

The quantum yield ¢: of the starting material, S, can be defined as:

S 8hv
[ ] 01 (2.13)
ot
while the quantum yield (), of the intermediate is defined in
ahvB ahu
[ l_ =—@5 +@1- (2.14)
Combining Equation 2.13 with 2.11, we obtain
IS
"'%t_]'=-2‘303'8A’[S]'Io°¢1 (2.15)

The following equation can be derived by integrating the concentration of the starting

material, S, over time Qto t.

[S ]‘_‘[SO]'EXP("2303‘¢1‘8A°IO't) (2.16)

43



where [So] is the initial concentration of the starting material S.

Substituting Equations 2.12, 2.13, and 2.16 into Equation 2.14, we then obtain

i8]

5 =-2303-9,-[B |- €51,
+2.303-¢l-8A-Io.[SO].e—2.3O3~¢1-EA.Io.t

@2.17)

The above equation can then be re-written for simplification as seen below:

d| B

l&T] =—Cy[Bl+Cy[So|- EXP(—Cy°?) (2.18)
where

C= 2.303- ¢1 “Ea- I, (2.19)
and

C.=2303-0,-&-" 1, (2.20)

Rearranging the equation (2.18), we get:

@%‘z [B]=Cr[so]- ExPe-Cy - @21

[ B ] can then be solved:

CI So -Ci- Cl[So] -Co-
Bl e GG

Upon substitution of equations 2.19 and 2.20 into 2.22, we then obtain



(2.23)
The absorbance (A") at the monitoring wavelength from the IR spectra is due to both the
starting material (S), and the intermediate (B). Thus, another equation can be written to

relate the relationship between S, B and A' as follows.
A'=g,[S |+&s'[B] 224)
Where £, is the extinction coefficient of S, and £, is the extinction coefficient of B, and

the lower case a and b denote the monitoring wavelength. Equation 2.16 and 2.23 can

then be substituted into Equation 2.24 to obtain:

A'=g,[S,] EXP(-2303-Q,-£4-[,-)

+ 8b.¢1'8A'[ o]

-EXP(-2303-@ -£4- 1,1

¢2‘SB-¢1‘€A
8b¢1'8A'[ o]
- -EXP(-2303-9,-g5- 1,1
¢, €p—Q,-€a 2 ?
(2.25)
Since at time zero, A'=A° =8a'[So]' (2.26)
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Equation 2.25 can be re-written as:

8b'¢[’8A
Ea(P, €5—0, €

At
A°

=(1+ )- EXP(=2.303-9,-€4-1,"1)

_ EvPEs
8a(¢2 ‘EB~ ¢1 ‘E4)

- EXP(-2.303-@,-€p-[,-1)

(2.27)

where A" is the absorbance at time t and A° is the absorbance at time 0.

2.2.5 Quantum Yields for Cr(CO)sPPh;

Quantum yield measurements were conducted by irradiating the complex on a silicon
substrate with UV light of A = 366 nm wavelength. Plots of AYA° versus the photolysis
time were made, where A" is the absorbance in the FTIR spectra at time t, and A° is the
absorbance at time zero. Some information from the photolysis experiment was required
for Equation 2.27 and this data is listed in Table 2.4. For example, the wavelength of
light used for the irradiation was 366 nm, and incident light was found to have an
intensity of 2.73 mW/cm? and a calculated power (Io) 8.35 x 10° mole/s cm®. The
extinction coefficient (g4) of the starting material, Cr(CO)sPPhs, was also measured at
366 nm. It was found to be 6.5 x 10° mol™ cm?®. The extinction coefficient at 1931 cm™

(ea) was measured to be 6.8 x 10° mol'cm?.



In order to obtain the quantum yield for the first photo-dissociation reaction, an iterative
least-squares fit of the absorbance-irradiation time data (AYA° vs. time) was performed.
The absorbance, A' and A°, at 1931 cm™ was chosen for the calculation because it is the
most intense band and therefore gives the biggest signal to noise ratio. Since thicker
films of Cr(CO)sPPh; have larger values of the absorbance at 1931 cm™ and vise versa,
Quantum yields for different thicknesses of Cr(CO)sPPh; films have been calculated
according to the absorbance at 1931 cm™. The fitted graphs are illustrated in Figure 2. 10,
and the quantum yields are reported in Table 2.4. The calculated quantum yields for
different film thicknesses were found to be approximately the same. In other words, they

are independent of the thickness of the film.

Table 2.4 Quantum yields and fitting parameters for M(CO)sPPh; irradiated at
366 nm, where M = Cr, Mo, W.

Absorbance ,

Metal 1931 cm™) @, error =

Cr 0.296 0.037+0.001 0.00011
0.199 0.039+0.004 0.00024
0.086 0.042+0.002 0.00121
0.050 0.046+0.002 0.00017
0.035 0.048+0.001 0.00063

Mo 1925 cm™
0.24 0.19+0.01 0.000029
0.1605 0.20+0.01 0.000033
0.077 0.23+0.02 0.000049
0.051 0.29+0.03 0.000602

w 1917 cm™
041 0.36+0.03 0.00049
0.345 0.41+0.03 0.00005
0.1275 0.40+0.05 0.00179
0.0676 0.40+0.05 0.00100
0.033 0.4240.03 0.00033

xz: correlation coefficient
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Table 2.4 (continued)
Metal Absorbance Io €A €a
(1931 cm") (s cm? mole’lL Lcm2 mole’l) (cm2 mole")
Cr 0.296
0.199 8.4 x 10° 6.5 x 10° 6.8 x 10°
0.086
0.050
0.035
Mo 1925 cm
0.24
0.1605 77x° 1.5 x 10° 4.6 x 10°
0.077
0.051
w 1917 cm™
0.41 8.3 x 10710 2.1 x 10° 3.1x 10°
0.345 83x 10
0.1275 83x 1071
0.0676 83x 10
0.033 9.6 x 10°
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2.2.6 The quantum yield calculations for the photochemistry of Mo(CO)sPPh; and

W(CO)sPPh; and the discussion for M(CO)sPPh; (M = Cr, Mo, W)

The quantum yields for Mo(CO)sPPh; and W(CO)sPPh; were calculated in a similar
manner to those for Cr(CO)sPPh;. The parameters used for the quantum yield
calculations are listed in Table 2.4. The fitted curves are plotted in Figures 2.11 and 2.12,
and the quantum: Yyields for different thicknesses of films are summarised in Table 2.4.
The quantum yields for Mo(CO)sPPh; were calculated to be ~0.25 whereas the ones for
W(CO)sPPh; were found to be 0.4. The quantum yields for all three complexes are
independent of the thickness of the film. A comparison of the quantum yields indicates
that W(CO)sPPhs has the largest quantum yield, that is, its photochemical reactions are
the most efficient among the three. The first step in the photochemical reactions of
M(CO)sPPh; is the excitation of one of the electrons in the lower e orbitals to the upper
a; orbital, which has been described in Section 2.2.2. The first excited state of
M(CO);sPPh; consists with five electrons in e and b, orbitals, and one electron in upper a,
orbital. Ideally, a more electron negative metal centre results a higher energy upper a;
orbital. For this reason, the upper a; orbital in the tungsten complex will be the most
strongly antibonding among the three complexes because tungsten atom is more
electronegative than molybdenum atom and chromium atom. As a result, the first excited
state of W(CO)sPPh; will be the least stable among them. Hence, the quantum yield for

the tungsten complex is the largest among these three complexes.
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2.3. Conclusion

The solid state photochemistry of Cr(CO)sPPh;, Mo(CO)sPPh;, and W(CO)sPPh;
complexes as films on silicon has been investigated. The complexes were proposed to
undergo the photochemical process outlined by Equation 2.2.2:

M(CO)s(PPhs) —-Y— M(CO):(PPhs) + CO —2¥—5 M +5 CO + PPh, 2.22)

where M =Cr, Mo and W.

The first photochemical reaction generated a five coordinate intermediate which
decomposed upon further photolysis because it is also photosensitive. The final film
consisted of the metals with carbon and phosphorus contaminations. An orbital
correlation for the M(CO)sPPh; molecules was used to interpret the photochemical
reactions. There are two possible lowest singlet excited states which resulted from the
lAl(c.‘bo_:z)-l?.l(e3b22a1l) LF absorption and the [Al(e4b22)-El(e3b22b|l) LF absorption.
They both lead to the loss of one of the carbonyls and forming a five coordinate
intermediate whose symmetry was determined to be Cs by its FTIR spectra. A kinetic
equation was derived in order to calculate quantum yields for a two sequential
photochemical process. The quantum yields for the first step of the photo-decomposition
were calculated at different thicknesses for all three complexes. Their quantum yields are
not dependent on the film thickness, and the relative order is W > Mo >> Cr. The
differences in quantum yields between these three complexes are the result of their

different stabilities in the first excited states. The difference in the stabilities of the first
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excited states arises because of the differences in electronegativity among the three
metals. Even though the photochemical processes of the three complexes are all very
efficient, it is impossible to use them in any practical device fabrication because of the
contamination in the final films. While this system is not in itself useful, it does serve to
demonstrate the concept. In order to improve this system, there are two problems which
need to be solved. The first is the presence of the intermediate and the second is the
purity of the film. If the initial photoproduct is M(CO)4PPh; (after the exclusion of one
CO), then designing a system where the initial photoproduct is less stable may eliminate
the problem associated with a thermally stable intermediate. This intermediate must be
de-stabilised so that rapid thermal decomposition occurs prior to any subsequent reaction.

In order to generate a primary photoproduct which is less stable, poor T acceptor ligands
will be used in place of PPh; and one CO. These poor &t acceptor ligands have less ability

to stabilise low oxidation state molecules such as the intermediate. In the following
chapter, ligands based on ethylenediamine are used to replace one CO and the PPh;
ligand on metal centres. These metal complexes will be investigated in a similar manner
to that used for the M(CO)sPPh; molecules. Finally, whether or not this proposal is the

solution to the above two problems will be discussed.
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24 Experimental

24.1 Materials selection

The silicon wafers were obtained from Pacific Microelectronics Centre, Canada. The
Si(111) surface was used in these studies and the wafers were p-type silicon with
tolerances and specifications as per SEMI Standard M1.1.STD.5 and were cut to the

approximate dimensions of 1 cm x 1.5 cm in house. The CaF, crystals were obtained

from Wilmad Glass Co. Inc..

Using a Bomem Michelson 120 FTIR spectrophotometer, FTIR spectra with 4 cm™
resolution were obtained. The samples were held in an aluminium sample mount within

NaCl or CaF, faced vacuum dewars. The photolysis beam was a 100 W high pressure Hg

lamp in an Oriel housing equipped with condenser lenses and filtered through a 10 cm
water filter with Pyrex optics. Auger electron spectra were obtained using a PHI double
pass CMA at 0.85 eV resolution at the Surface Physics Laboratory, Dept. of Physics,

Simon Fraser University.

24.2 Preparation of M(CO)SPPh3 (M= Cr, Mo, W)

The complexes M(CO),PPh, (M= Cr, Mo, W) were all prepared by the literature method

[66] and characterised by FTIR and elemental analysis.
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Table 2.5 Elemental analysis for M(CO)sPPh; (M = Cr, Mo, W)

ComElex %C % H
Cr(CO)sPPh3 60.80 330 calc.
60.60 340 found
Mo(CO)sPPh;  55.50 300 calc.
5541 3.15 found
W(CO)sPPhs 47.20 2.60 calc.
47.00 2.65 found

2.4.3 Calibration of absorption on surface

A stock solution of Cr(CO),PPh, (0.0060 g) was prepared in CH,CI, (20.0 ml). A drop

(0.0037 mi) of this solution was then deposited on the surface of a Si wafer. The solvent

was allowed to evaporate and the FTIR spectrum was obtained. The area of the drop was

found to be 0.785 cm’. This corresponds to a coverage of 3.1 x 10 molecules per cm’.
This process was repeated several times and the corresponding calibration curve of

absorbance versus mole/cm? of Ct(CO),PPh, is shown in Figure 2.2. Similar experiments
were conducted with solutions of Mo(CO) PPh, and W(CO)PPh, in CH,Cl,. The curves

obtained are shown in Figure 2.2 and 2.3.
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2.4.4 Photolysis of the complexes as films on silicon surfaces

All photolysis experiments were completed in the same manner. A typical experiment is

described in this section. Approximately 5 mg of Cr(CO),PPh; was dissolved in 2 mL
CH,Cl, to make a stock solution. A drop of the stock solution was spin cast on a silicon

chip. This resulted in the formation of a smooth, uniform coating of the chip. The chip
was then transferred to a vacuum dewar in which the FTIR spectrum was recorded. The
pressure of the vacuum dewar is 1x10™ torr. Another FTIR spectrum was recorded after
the sample was irradiated for 5 seconds. This procedure was repeated for the following
(accumulated) photolysis times: 10, 15, 20, and 240 seconds. The sample was then
transferred to the Auger spectrometer for an elemental analysis of the surface. Similar

experiments were conducted with Mo(CIO)sPPh3 and W(CO)SPPb.J.
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CHAPTER 3
Solid state photochemistry of M(CO)4(L-L) (M= Cr (L-L = en, Me;-en,

Et;-en), Mo (L-L = Me,-en, Et;-en), W (L-L = Et;-en))

3.1 Introduction

Metal oxide films of chromium, molybdenum and tungsten have been deposited from the
M(CO)sPPh; molecules via the room temperature photochemical process. The design,
process and the film quality have been discussed in the last chapter. These films contain
too much phosphorus and carbon to be used in practical device fabrications. In addition,
the presence of the intermediates, M(CO)4PPh;, decreases the efficiency of the
photochemical process. The resolution of these two problems is therefore the objective of
this chapter. It was reported both in the last chapter and publications that After
photolysis, the phosphorus ligands were assumed to remain as PPh; which is a solid at
room temperature with melting point at 88°C [68, 70]. The contamination problem which
arose from using M(CO)sPPh; precursors was assumed to result from the relatively heavy
and stable PPh; has difficulty diffusing out of the films after photolysis. For this reason,
a series of ethylenediamine ligands were chosen to replace the phosphorus ligands. The
ethylenediamine ligands may leave the film more easily after photolysis because the
molecular weight of ethylenediamine is about half of the weight of PPh;. Moreover,

these ethylenediamine ligands are poor &t acceptors making them less able to stabilise low

oxidation state molecules such as the intermediate. As a result, the photochemistry of the
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nitrogen donor complex may proceed without the formation of a thermally stable
intermediate. Recall from the discussion in the last chapter that the intermediate of the
photochemical reaction of M(CO)sPPh; is M(CO)4PPh;. If the possibility of forming a
thermally stable intermediate containing ethylenediamine can be eliminated, then the
possibility of having contaminations from the ligands in the starting material will be
decreased. It has been reported that the photolysis of the metal complexes containing
ethylenediamine ligands resulted in an extrusion of the ethylenediamine ligands [77].
Since ethylenediamine ligands are in liquid form at room temperature, these ligands have
high vapour pressure and thus making them easier to be removed after photolysis
comparing to PPh;. Thus, an improved deposition process may be expected if the
ethylenediamine containing complexes were used as precursors. Complexes of the
M(CO)4(L-L) type were made for this study, where M= Cr, Mo, W and L-L = en, Mes-en
Ety-en (en = ethylenediamine, Mez-en = N, N’-dimethyl ethylenediamine, Ets;-en = N,N-
diethyl ethylenediamine) (see Figure 3.1). This chapter has been divided into the
following sections: discussions on the quality of the amorphous films, comparisons of the
symmetry of the complexes, discussions on the photochemistry of the complexes, and
comparisons of the photoefficiency of their reactions. Finally, whether or not the

substitution of nitrogen donor for phosphorus

[o]

a L2
donor ligands has solved the problems that arose in ‘\c\, ::' %c\ i b :;
Chapter 2 will be discussed. g L

Figure 3.1 Structure of M(CQO)4(L-L), where a) LL

=en, b) LL = Mes-en, and ¢) LL = Et;-en (M =Cr, Mo, W).
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3.2 Results and Discussion

3.2.1 Quality of M(CO)4(L-L) (M= Cr, Mo, W and L-L = en, Me;-en, Et;-en) films

Films of the M(CO)4(L-L) complexes were made by spin coating, and their film quality
was found to be dependent on both the identity of the metal and the ligands. All of the
chromium complexes, Cr(CO)4(en), Cr(CO)s(Mez-en) and Cr(CO)4(Et2-en), could be cast
into thin precursor films. The quality of the film depends on both the ease of forming an
amorphous precursor film and the uniformity of the film (inspected under microscope).
The relative order of the quality of amorphous film is Cr(CO)s(Etz-en) > Cr(CO).;(Mer
en) > Cr(CO)s(en). This order is in agreement with the idea that larger organic
substituents on the nitrogen render the molecule less symmetric. It has been discussed in
Chapter 2 that lower symmetry metal complexes form amorphous films instead of
crystalline films upon spin coating. Films of Mo(CO)s(en) formed by spin coating were
crystalline; however, Mo(CO)4(Mez-en) and Mo(CO)s(Et;-en) were reliably cast as
amorphous films. The fact that only the two larger substituted molybdenum complexes
formed amorphous films upon spin coating indicates that the ligand size effect on the
molybdenum complex is larger than on the chromium complex. Since a chromium atom
is smaller than a molybdenum atom, the ligands on the molybdenum must be larger in
order to affect the packing of the molecule significantly. In the tungsten case, only the
most heavily substituted compound, W(CO)4(Ety-en), formed amorphous films

reproducibly. Tungsten is similar in size to molybdenum indicating that other effects

60



(i.e., dipole) are also important. The room temperature photochemical process can only
be usefully applied to amorphous films because the back reaction between the extruded
ligand and the metal centre in a crystalline film is enhanced by the lattice energy. Thus,
solid state photochemistry was only studied on the complexes that formed amorphous

films upon spin coating.

3.2.2 Symmetry considerations and spectroscopy of solid state M(CO)4(L-
L) M= Cr, Mo, W and L-L = en, Me;-en, Et;-en)

The FTIR spectral information associated with a spin cast film containing Cr(CQO)4(en) is
summarised in Table 3.1. This complex can be approximated to have a C, conformation
by considering only the metal, the carbonyls and the two nitrogens. A C;, molecule has
four carbonyl stretching fundamentals: one B;, one B, and two A; modes. The
frequencies of these four vibrations in solid films are similar to those found in solution
(see Table 3.1) [78]. The carbonyl stretching frequencies of the remaining M(CO)4(L-L)
complexes in the solid state are also reported in Table 3.1. Because these complexes can
also have approximate C,, symmetry as Cr(CO)s(en), their carbonyl stretching
fundamentals were assigned according to the assignments in the spectrum of
Cr(CO)s(en). The spectra of these compounds exhibited absorption bands in
approximately the same region. Thus, the influence of the organic substituents as well as
the identity of the metals on the energy of the carbonyl stretching vibration was not too
significant. The electronic absorption spectrum for Cr(CO)s(en) in solid state was

recorded, and the spectral data are listed in Table 3.2.

61



Table 3.1 FTIR spectral information for M(CO),(L-L) (M= Cr, Mo, W

and L-L = en, Me;-en, Et;-en) as solid films and in solution

Compound A B, A B, ~ Reference
_units cm cm’ cm cm ____cm’ L
Cr(CO)4(en) 2002 1871 1861 1778 as a solid film [this work]
2000w 1870vs 1860s,sh 1823s  in dimethoxyethane [78]
2004 1873 1855 1810 in CH3NO, [79]
Cr(CO)s(Mez-en) 2004 1898 1856 1786 as a solid film [this work]
Cr(CO)4(Et2-en) 2004 1873 1848 1784 as a solid film [this work]
Mo(CO)s(en) 2005 1880 1855 1755 as a solid film [this work]
2005w 1880vs 1865s,sh 1825s in dimethoxyethane [78]
2015 1890 1864 1818 in CH3NO; [79]
Mo(CO)s(Mer-en) 2016 1908 1861 1784 as a solid film {this work]
Mo(CO)(Et2-en) 2012 1871 1852 1804 as a solid film [this work]
W(CO)4(en) 2006 1867 1857 1757 as a solid film [this work]
2000w 1864vs 1850s,sh 1818 in dimethoxyethane[78]
2006 1867 1852 1809 in CH3NO;, [79]
W(CO)4(Mez-en) 2000 1892 1842 1788 as a solid film [this work]
W(CO)4(Etz-en) 2004 1873 1852 1805 as a solid film [this work]

vs = very strong; s = strong; w = weak; ; sh =shoulder
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Table 3.2 Spectral features of M(CO)4(L-L) M= Cr,Mo, Wand L-L =
en, Me;-en, Et;-en) as solid films and in solution
Complexes Bands, cm™ Assignment Reference
(e, cm*mole)
or [€, /mole]
Cr(CO)4(en) 23810(8.1 x 10°) LF('A; - 'A,, 'By) as a solid film
[this work]
29240(1.7 x 10%
38462(3.6 x 105 M — 7t*CO CT + LF
43478(3.5x 105 M — T*CO CT + LE
500002.8x 10\, xeCO CT + LF
23,600[1.3x 10°]  LF('A; = ‘A, 'Bo) in methanol
(80]
29,700 [5.4 x 10°]
35500[63x10°] M — n*COCT +LF
40,300 (1.8 x 101 M — £*CO CT +LF
46200 [22x 101 pr_, 1¢COCT + LE
Cr(CO)s(Mezen)  22727(1.7x10%  LF(*A, - 'Ay, 'Ba) a solid film
[this work]
28,571(3.6 x 10%
38461(6.5x 10 M —n*COCT +LF
43478(7.0x 10 M — *CO CT + LF
50,0006.9x 10 M _, 2*CO CT + LF
Cr(CO)4(Et2-en) 22,727[8.8x 10°1  LF('A; > 'Ay, 'B) a solid film
[this work]
29.411[2.2 x 10%]
38461(5.7x 105 M —n*COCT +LF
43478(5.7x 10°] M — *CO CT +LF
500003.0x 10°] a1, o*CO CT +LF
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Table 3.2  (Continued)

Mo(CO)a(en) 25300[1.7x 10°] LF('A, > 'A;, 'By) in methanol
[80]
32,700 [1.0x 10*] M — n*COCT +LF
38,300 [2.0x 101 M — T*CO CT +LF
43400 [2.0x 10']  pr s 2¢CO CT +LF
Mo(CO)s(Mez-en)  25,0004.5 x 10%) LF (A, = 'A, 'Bo) a solid film
[this work]
30303(7.0x 10% M — n*COCT +LF
37,037(6.5x 10 M — T*CO CT + LF
6.
43,478(5.4 x 10 ) M- n*COCT +LF
Mo(CO)4(Ets-en) 25,641(22x 10  LF('A; > 'A;, 'By) a solid film
[this work]
32,258(43x 10 M —n*COCT +LF
38,461(52x 10 M — *CO CT + LF
47,619(5.4 X 106) M= n*COCT+LF
W(CO)4(en) 22,200[4.0x 1077  LF(*'A; = 3A;, °By) in methanol
(80]
25200[1.4x10°]  LF('A, - 'Ay, 'By)
33,200 (8.3x 10’ M — T*CO CT +LF
39,200[2.8x 10°1  \f_, *COCT +LF
45,000 [2.8 x 104 M — T*CO CT + LF
W(CO)4(Etz-¢en) 22,72739x 10  LE('A; > 3A;, By a solid film
[this work]

26,315(6.2 x 105
33,333(1.7 x 107)
38,461(23 x 109

45,454(2.0 x 10"

LF ('A; - 'A;, 'By)
M- r*COCT +LF
M->r*COCT +LF

M -5 rn*COCT +LF




In general, the band position was sensitive to the nature of the metal, the nature of the
ligand, and the medium in which the spectra were measured [66]. However, because of
the similarity between the spectra in solution and in solid films, the assignments of the
spectra in solid films were made according to the published assignments in solution [80].
The lowest energy absorption band is the LF ('A; = 'A;, 'B,) transition {80, 81]. The
electronic absorption spectra of the remaining M(CO)4(L-L) complexes in the solid state
were recorded, and the spectral data are also listed in Table 3.2. Their spectral
assignments were made according to the assignments in solution because of the strong
spectral similarity between them. The extinction coefficients were calculated by
substituting the absorbance maximum in the UV/VIS spectra and the concentration into
Beer’s Law [47, 48]. The concentration used for the solid film was determined by
correlating the coverage of the complex on the surface to the absorbance in FTIR. These

absorption/coverage plots are shown in Figures 3.2 and 3.3.

3.2.3 Photochemistry of M(CO)4(L-L) (M= Cr (L-L = en, Me;-en, Et;-en),

Mo (L-L = Me;-en, Et;-en), W (L-L = Et;-en)) as solid films
In order to perform the lowest energy LF (tA; = Ay, 'B,) transition, a film of
Cr(CO)a(en) was irradiated at A = 366 nm ( 2.7 x 102 cm™ ). This photolysis results in
the loss of all vibrational bands in FTIR spectra. No additional band which may be
attributed to an intermediate was observed. Apparently, the initially formed intermediate
has insufficient thermal stability to be detected on the time scale of this experiment.
These results are consistent with an initial ligand loss, generating an intermediate which

is not thermally stable and rapidly loses all its remaining ligands.
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Photolysis of the remaining M(CO)4(L-L) complexes resulted in the loss of the absorption
bands of the starting material with no detectable intermediate. Their photochemical

reactions can be summarised as follows.

M(COY(L-L) —Ys M(CO)(L-L) +CO — M+4CO +L-L 3.1
or
M(CO)M*L-L) —¥—s M(CO)(M'L-L) —> M +4CO+L-L 32)

M= Cr, Mo, and W, L-L = en, Me,-en, and Et;-en
This substitution of PPh; with nitrogen ligands has clearly solved the problem associated

with the thermally stable intermediate observed in the photolysis of M(CO)sPPhs.

In order to interpret the photochemical reactions of these Ca, complexes, an orbital
correlation diagram is illustrated in Figure 3.4. The first molecular orbital diagram
represents the ground state of Cr(CO)s(en) with six d-electrons occupying the lower a;,
b1, and a; orbitals leaving the upper a; and b, orbitals empty. The first excited state of
this complex is illustrated in the second molecular orbital diagram, where an electron
from the a, orbital is excited into either the upper a; (dx*y?) orbital or b, (dy,) orbital
after the absorption of a photon. Population of the (a22b%2,2 = a’bi’a'a;l) level
strongly labilizes one of the CO’s on the x-axis. This results in a cleavage of this axial
CO in order to lower the energy of the molecule. Alternatively, population of the
(a°bi%a;® — azzblzallbzl) level results in the labilization of the equatorial ligands (the M-
COyeq) or the M-Nq) bond). This results in the loss of either the M-COyq) or the M-Nieg

bond.
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The third molecular orbital diagram shows the electron in the a, orbital is at lower energy
following the loss of a CO, or a breaking of a M-N bond. This relaxation provides the
driving force for the reaction. Presumably, the resultant complex does not have enough
thermal stability and hence loses all the remaining ligands because there is no
intermediate observed in the photochemical reaction. It has been reported that
dissociation occurs for the M-N bond when the wavelength of light used is 366 nm, even
though both M-CO and M-N lability are enhanced in the excited state [77]. This
selectivity is due to the higher lability of the M-N bond than the M-CO bond in the
ground state. Thus, the photochemical reactions of the M(CO)4(L-L) complexes were
assumed to proceed via Equation 3.2. The overall photochemical reaction for both
proposed reaction routes is the loss of all ligands and leaving only metals on the substrate.
In addition, since there is no detectable intermediate, the photochemical reaction is a first

order reaction.

3.2.4 Quantum yields for the reactions of M(CO);(L-L) M= Cr (L-L =en,

Me;-en, Et;-en), Mo (L-L = Me;-en, Et;-en), W (L-L = Et;-en)) as solid films

In order to determine the photoefficiency of the reaction, quantum yields were calculated.
The quantum yield for the first order photochemical reaction was determined via
Equation 1.4. The parameters used for the calculation are summarised in Table 3.3. For
example, the intensity of the incident light, Io, used for the photochemical reaction of

Cr(CO)4(en) was 3.18 x 107 mole! s cm®. The extinction coefficient, €4, at 366 nm was
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found to be 9.20 x 10° mol™ cm?. After entering all these parameters to Equation 1.4 and
performing the least-squares fit of the absorption-irradiation time data, the quantum yield
for the photo-decomposition was calculated to be (4.3+0.4) x 10°. The quantum yield is
reported in Table 3.3, while the fitted graph and the FTIR spectral changes are illustrated
in Figure 3.5. The quantum yields for the remaining chromium complexes as well as the
molybdenum and the tungsten complexes were calculated in an analogous way. The
quantum yields and the parameters used for this calculation are all summarised in Table
3.3. The FTIR spectra associated with the photolysis of these compounds and the fitted

graphs are shown in Figures 3.6 to 3.10.

Table 3.3 Quantum yields and fitting data for M(CO)4(L-L) (M= Cr (L-L

= en, Me;-en, Et;-en), Mo (L-L = Me;-en, Et;-en), W (L-L = Et;-en))

irradiated at 366 nm
Complexes D5 x? Io €a &
(scm’mole’) (cm?mole?) (cm?mole™)
Cr(CO)4(en) (43+04)x 10° 098 3.18x10” 9.20x 10° 6.80 x 10°

Cr(CO)y(Meren) (4.340.3)x10° 096 5.02x10° 2.82 x 10° 1.02 x 10°
Cr(CO)y(Et-en)  (1.3+0.059)x 102 0.97 5.02x10? 1.20 x 10° 6.84 x 10°
Mo(CO)s(Mez-en) (6.140.72)x 10* 097 5.20x 107 3.08 x 10° 9.06 x 10°
Mo(CO)4(Etz-en)  (4.240.45)x 10° 096 5.20x 107 2.31 x 10° 8.70 x 10°

W(CO)i(Et-en)  (1.6+£0.08)x 10* 099 4.44x10° 6.55x10°  1.50x 10°

% correlation coefficient
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Figure 3.6
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The most efficient photochemical reaction amongst the chromium complexes is the
reaction of Cr(CO)s(Et;-en) whose quantum yield was found to be one order of
magnitude larger than those of the other two chromium complexes. The quantum yield of
Mo(CO)4(Etz-en) was also found to be one order of magnitude larger than that of the
Mo(CO)(Mez-en) complex. This is due to the different organic substituents on the
nitrogen ligand. The ethyl group is usually assumed to have more electron withdrawing
ability than methyl and hydrogen. For this reason, Et;-en has the least capability to
donate electrons to the metal. Since the bonding between the nitrogens and the metal is
formed by the donation of electrons from the nitrogens to the metal, weaker M-N bonds
allow a faster extrusion of the nitrogen ligands. It was mentioned previously that the
lability of the M-N bond is largely enhanced at the excited state. This results in an
extrusion of this ethylenediamine ligand. Hence, the highest quantum yield for the photo-
dissociation of these metal complexes is the ones containing Et;-en ligand. This supports

the conclusion that the reaction occurs via Equation 3.2.

3.2.5 Auger spectroscopy

The resultant films from photolysis (as described above) were subjected to analysis by
Auger electron spectroscopy. Films produced from Cr(CO)s(en) were found to be
composed of chromium, oxygen, and carbon (see Table 3.4). No nitrogen was evident in
the film, which is indicative of a loss of the nitrogen containing ligand from the surface.

The carbon contaminations were, however, quite substantial in the films produced under
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vacuum. [t has been reported that films are generally suffer from adventitious
contaminations if they are not prepared under carefully controlled atmospheres [82]. For
example, films would have carbon contaminations originated from pump oil if the
experiment was conducted in instruments with oil diffusion pump [82]. Therefore, the
carbon impurities found in the final films were assumed to be resulted from conducting
the photolysis under vacuum. Photolysis of Cr(CO)s4(en) was then operated in air in order
to avoid the contaminations from the pump oil. The FTIR spectral changes of
Cr(CO)4(en) irradiated in air were indistinguishable from those in Figure 3.5; however,
Auger analysis presented a substantially different picture. Auger analysis indicated the
formation of CrgesO with no contamination from carbon, except on the outer surface.
This observation supported the proposed suggestions that the presence of carbon
contaminations were originated from pump oil. The remaining complexes containing
nitrogen donor ligans were irradiated in both air and vacuum to further examine whether
or not the proposed carbon contamination source was valid. Carbon’s were found in the
films produced in vacuum for all remaining complexes. Pure films of molybdenum
oxides and tungsten oxides were made in air and their compositions were found to be
Moo O and WO (see Table 3.4). The observation of the contamination free metal oxide
films produced in air supported that the contamination source was the pump oil. These
contamination free metal oxide films can therefore be used for the production of
functional devices. The reported composition in Table 3.4 includes only the metals and

the oxygen’s because the carbon’s have been assumed to be contaminations.
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Table 3.4 Auger analysis for the product film of M(CO)4(L-L) (M=

Cr (L-L = en, Me;-en, Et;-en), Mo (L-L = Me;-en, Et;-en), W (L-L =

Et;-en))
Precursor Sputtering N C Cr O Composition
{condition] time (sec.) (moles)
Cr(CO)4(en) 0 0 0.54 0.18 0.28 Cro.65,0050
[vac]
5 0 048 021 031  Crosso050
20 0 0.43 0.24 0.33 Crg.74,0.050
[air] 0 0 028 028 043  Crogs,00s0
5 0 0 0.40 0.60 Cro.65,0050
20 0] 0 0.40 0.60 Cro.68,0050
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Table 3.4 (continued)

Cr(CO)(Mez-en) O 0.75 0.07 0.19 Crio3 520.03)0
[vac]
10 049 0.22 0.30 Cr(o_-r_t,go_os)O
20 0.40 0.25 0.35 Cr(o,nzo.os)o
[air] 0 0.28 0.28 043 Cr(0.65,0.050
5 0 0.40 0.60 Cr(o,ﬁszo_os)o
20 0 041 0.59 Cr0.69,0.050
Cr(CO)4(Et2-en) 0 0.51 0.14 0.35 Cr, (0.41 :0,03)0
[vac]
5 0.37 0.25 0.38 Cl‘(ohsszo_os)o
15 0.24 0.33 0.43 Cl’(o.'n:o_os)o
[air] 0 0.25 0.30 0.45 Cr0.65,0050
5 0 0.40 0.60  Crypes.0050
15 0 0.40 0.60 Cr(o.sszo.os)o
MO(C0)4(M62-CII) 0 0.64 0.08 0.29 M0(0,26¢0.02)O
[vac]
5 0.50 0.20 0.30 Mo(p.68,0.050
15 041 0.25 0.34 Mo 74,0050
[air] 0 0 0.26 0.37 Mo(0.69,0.050
5 0 0.57 0.74 Mo(0.74,0.050
15 0 0.56 0.79 Mo(0.79,0.060
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Table 3.4 (continued)

Mo(CO)s(Etz-en) O 035 030 035  Mos25,0060
[vac]
5 025 035 040  Mos7,0060
15 0.17 0.38 0.45 Mo(0.85,0.060
[au'] 0 0 0.20 0.80 MO(o_zw,oz)O
5 0 0.23 0.77 MO(o _30:0,02)0
W(CO)4(Etzen) O 065  0.12 024  Wesi0000
[vac]
5 045 0.23 0.32 W(0.73.0050
15 0.28 0.34 0.37 W0.92,0010
[air] 0 0 0.37 063  Wss0040
S 0 0.54 0.46 W1.15,0090
15 0 0.47 0.53 Wo0.38,00n0
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3.3 Conclusion

Metal oxide films of chromium, molybdenum and tungsten have been made via the room
temperature photochemical process. These films produced from M(CO)4(L-L) M= Cr (L-
L =en, Mej-en, Ety-en), Mo (L-L. = Me;-en, Et;-en), W (L-L = Et;-en) were found to be
contamination free if photolysed in air. It was also found that ability of the compound to
form an amorphous film upon spin coating depends on both the identity of metal and the
ligands. All three chromium complexes, Cr(CO)s(en), Cr(CO)4(Me,-en) and
Cr(CO)4(Etz-en), formed amorphous films; however, only Mo(CO)s(Me;z-en),
Mo(CO)4(Ets-en) and W(CO)4(Etz-en) formed amorphous films. Since the Et;-en ligand
is larger than either the Mes-en or the en ligand, the symmetry of the complex is lower
when its nitrogen ligand is the Et;-en group. Lower symmetry of the complexes increases
the possibility of forming randomly oriented amorphous films. Thus, the complexes
containing the Ety-en ligands were found to be the best candidate for forming an
amorphous film. Solid state photochemistry only studied on the complexes formed
amorphous films, because the ones formed crystalline films have difficulty inducing the

photo-dissociation due to their high lattice energy.

All of the M(CO)4(L-L) complexes have approximate C,, symmetry with four carbonyl
stretching fundamentals: one By, one B> and two A, modes. Their stretching absorptions
in the solid state were found to be at approximately the same energy as the ones found in

solution. Hence, the difference in the organic substituents on the nitrogen as well as the
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differences in the metal centres did not influence the carbonyl stretching frequencies
significantly. Owing to the similarity of the electronic absorption spectra in solution and
in solid films, the absorption bands in solid state for all the complexes studied were

assigned according to the ones found in solution.

The photochemistry of M(CO)4(L-L) (M= Cr (L-L = en, Me;z-en), Mo (L-L = Mej-en, Et;-
en), W (L-L = Etz-en)) as solid films has been explored. Their photochemical mechanism
is similar and has been discussed using molecular orbital approach. It was concluded that
the population of the (a:’bi%a;® — a,’bj%a;'by') level results in the enhancement of the
labilization on one of the M-N bonds. For this reason, the dissociation occurs on the M-
N bond. The overall photochemical reaction is the loss of all ligands leaving only metals
on the substrate. Their photochemical process was found to proceed via a one photon

process, and can be summarised as follows.

M(CONM-LL) —Ys M(CO)M'-L-L) —> M +4CO+L-L 32)
M:= Cr, Mo, and W, L-L. = en, Me;-en, and Et;-en

The first goal in this project has been achieved which is to eliminate the possibility of
forming an intermediate after photolysis. It was mentioned previously that the presence
of this intermediate slows down the photochemical process. Thus, the substitution of the
poor T-acceptor nitrogen ligands on the metals for the phosphorus ligands has decreased
the thermal stability of the intermediate. The quantum yields for all complexes have been
measured and calculated according to Equation 1.4. The relative order of the quantum

yields was found to be: Cr(CO)4(Etz-en) > Cr(CO)s(Mez-en) = Cr(CO)4(en) and
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Mo(CO)4(Etz-en) > Mo(CO)4(Mez-en). The difference arose from the electron donating

ability of the organic substituents on the nitrogen ligand.

There was no detectable nitrogen or carbon contamination inside the metal oxide films
produced in air. Therefore, all the photo-extruded ligands diffused out of the films after
photolysis. To substitute a lighter ethylenediamine ligand with higher vapour pressure for
the heavier phosphorus ligand with lower vapour pressure has solved the purity problem
associated with the PPh; ligand in the final film. The films produced in vacuum were
found to contain carbon; however, the ones produced in air were carbon free. This was
assumed to due to the film produced in vacuum was contaminated by the hydrocarbons
from the pump oil, and the ones produced in air was reacted with the oxygen in the air to

form metal oxides without contaminations from the vacuum pump.

Contamination free metal oxide films of chromium, molybdenum and tungsten have been
deposited via the efficient photochemical process. More complicated materials should be
able to be produced via the same method. Since deposition of the precursor film is
accomplished by spin coating, it should be possible to co-deposit mixture of different
metals. This may be achieved by spin coating with a solution containing two or more
precursors. If the photochemistry is unaffected by the presence of other compounds then
the deposition of mixed metal oxides should be achieved via this method. Having
produced pure metal oxide films with high efficiency, the next step is to fabricate metal

oxide sensors via this efficient photochemical process. The next chapter will be devoted
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to the fabrication of these sensor materials and the design of the reactor for testing them.
Both sensors constructed from single metal oxide as well as mixed metal oxides will be

reported and discussed in Chapters 4 and 5, respectively.

34 Experimental

The organometallic complexes M(CO) 4IL) (M= Cr, Mo, W; Ll=
H(CH3;)NCH,CH,NH(CH3;) = (Mey-en), HNCHCH;N(C:Hs)2 = (Ety-en),
H,NCH,CH;NH, = (en)) were synthesised by literature methods [79]. All these
complexes are yellow and were characterised by FTIR spectroscopy, and elemental
analysis (see Table 3.5). Please refer to the experimental section in Chapter 2 for the
calibration of absorption on surface and the photolysis of complexes as films on silicon

surfaces.
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Table 3.5 Elemental analysis of M(CO),4(L-L) (M= Cr, Mo, W and L-L = en,

Me;-en Et;-en)
complex % C % H % N
Cr(CO)4(en) 32.15 3.59 12.50 calculation
32.00 3.85 12.34 found
Cr(CO)s(Mes-en)  38.10 4.60 11.11 calculation
38.40 5.01 11.03 found
Cr(CO)4(Ets-en) 42.86 5.75 9.99 calculation
41.35 5.74 9.59 found
Mo(CO)s(en) 26.88 3.01 10.45 calculation
26.70 2.99 10.40 found
Mo(CO)s(Mez-en) 32.40 4.08 9.46 calculation
32.14 420 9.50 found
Mo(CO)4(Et2-en) 37.00 497 8.64 calculation
37.10 498 8.60 found
W(CO)4(en) 20.24 2.27 7.87 calculation
20.20 2.25 7.85 found
W(CO)s(Mez-en) 25.02 3.15 7.29 calculation
24.99 3.05 7.05 found
W(CQO)4(Etz-en) 29.15 391 6.80 calculation
29.00 3.89 6.70 found
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CHAPTER 4
Amorphous WO; based sensors made photochemically for detecting

sub-ppm NO,

4.1 Introduction

It has been reported in Section 1.7 that there are three air pollutants of nitrogen oxides
released from automobile exhausts usually referred as NO; (NO, NO,, N,O) {61]. NO
converts to NO» with the presence of sun light, and NO, converts to NO with the
presence of ozone [1]. Although, most modern cars have been equipped with a catalytic
converter which decomposes NOx to N3 and O,, a large amount of NOx is still released
into the atrnosphere [83]. NO, sensors are therefore needed for air quality, emission and
industrial process control. In addition, because NO, is highly toxic, the sensitivity
required for detection is less than 1 ppm [1]. For this reason, highly sensitive NOy
sensors were planned to be fabricated to be monitored in daily life. Since in a normal
day, the concentration of ozone as well as the intensity of sun light varies, from the
practical point of view, it is best to be able to fabricate sensors that can detect various
concentrations of NO, (NO to NO, ratio depends on the concentration of ozone and the
intensity of light) [1]. In early days, tungsten oxides have been reported to show response
to nitrogen oxides; however, they were also reported to be lacking reproducibility and
with poor sensitivity [84]. Only recently, with the improvement on the fabrication

technology, tungsten oxides were re-investigated and were reported to show higher
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sensitivity to nitrogen oxides [33-39]. However, not only the properties of these tungsten
oxides varied with the preparation methods as well as the types of sensor devices, but also
these sensors suffered from long response time as well as costly and complicate
preparation method. Therefore, an improvement on the fabrication process of tungsten
oxides as well as the design of a better sensor device was desirable. Since tungsten
oxides have been produced via the efficient room temperature photochemical process
with W(CO),(Et,-en) as precursor (see Chapter 3), this precursors as well as the process
was used to fabricate sensor devices. Tungsten oxides were not deposited on silicon
substrates, instead, they were deposited on devices with interdigitated metal electrodes.
The interdigitated type of devices were designed to use as substrate, because the current
of the device increased if the electrode-material-electrode sandwich was connected in
series. Moreover, if the fabricated tungsten oxides via the room temperature
photochemical process showed response to nitrogen oxides, then the sensitivity would
increase since the interdigitated devices contained lots of small sensors (electrode-sensing
material-electrode) connected in series. Hence, a comb shaped structure ( the
interdigitated structure) was designed using a computer aided drawing tool to produce a
defined width, length, and spacing of the electrodes accurately. An oven system was
designed to monitor the sensor. Since the properties of tungsten oxides varied with the
preparation methods, it remained unclear whether or not tungsten oxides produced via the
room temperature photochemical process would respond to nitrogen oxides. Therefore,
the fabricated tungsten oxides on interdigitated electrodes were tested to see whether they

can respond to the presence of nitrogen oxides. Moreover, a systematic study on the
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sensor devices by varying the applied voltages, the temperatures, the thicknesses of the
thin films, and the concentrations of nitrogen oxides was needed to be carried out in order
to identify the optimised bias voltages, temperatures and the thicknesses of the sensor. A
sensing mechanism was suggested according to the properties of the materials and the
changes of the conductivity of the sensor devices. This sensing mechanism suggested can
only serve as a qualitative interpretation, because this study was directed to the design
and fabrication of sensor devices as well as looking for the optimised operation
temperatures, thicknesses and applied biases for the sensor. A detailed mechanistic study
needed to be performed with a few more spectroscopic characterisation which are

described in Chapter 6.

This chapter is divided into six main sections. The first section describes the design of
both the interdigitated aluminium devices and the gas chamber. The aluminium devices
were made as substrates for the deposition of the sensing material, and the gas chamber
was built for testing the performance of the sensors. In the second section, the fabrication
sequences for making the interdigitated devices and the sensor devices are shown. A
general fabrication sequence for the production of metal oxide films is illustrated in
Figure 1.5. In the third section, the characterisation of the material of these sensors is
discussed. Although this sensing material, tungsten oxide, has been discussed in Chapter
3, there are some additional details which are presented in this chapter. In the next
section, the electrical characterisation of the sensors and the determination of their

electron transport mechanism is discussed. Finally, the response of these metal oxide
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sensors at various operating temperatures to different concentrations of NO, were

reported. They were found to respond to less than | ppm of NO, at ~200°C
4.2 Design

4.2.1 Mask design

A device with electrodes is required in order to measure the electrical properties of the
tungsten oxide based sensing element. One way of measuring the conductivity of the
sensing material is by depositing it between two electrodes, and determining the current
through the material under an applied bias voltage. Since the current of the device
increases if the electrode-material-electrode sandwich is connected in series, a comb
shaped structure was designed (see Figure 4.1). The black lines in Figure 4.1 will be
aluminium electrodes on the actual device while sensing material will be deposited in

between these electrodes. The measurement will be conducted by probing the two square

]

pads.

J 11

Figure 4.1 Interdigitated pattem for producing the mask
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This pattern has a length of 1160 um while the width of the electrodes and the spacing
between the electrodes are both 15 pm. The pattern was designed using drafix (a

computer aided design tool) in order to define the width, length and spacing of the
electrodes as well as the size of the device accurately. Since the fabrication method used
for the production of the devices involves standard lithographic techniques, a mask with
the desired features is required in these techniques to produce devices. The lithographic
sequence will be described in the fabrication section 4.3.1. In any case, after the pattern
has been produced in the computer, the design is printed onto an acetate paper. This
paper is used as a negative to develop photoplates (masks) in the darkroom. In doing so,
identical patterns are transferred to the mask. The size of a single device is 2 x 3 mm?,

and there are 500 device patterns on one mask (10 x 10 cm?).

4.2.2 Design of the oven system

An oven system was designed to provide an environment to monitor the sensor. The
system provided the following features: a temperature control, a flow control system and
access for electrical probes for the measurement of conductivity. The oven system was
designed to meet all the requirements mentioned above (see Figure 4.2). The base of the
oven was constructed from a 7 x 4 x 5 cm’ aluminium block. There are two cylindrical
holes for the heat cartridge and the thermocouple. The main chamber is for the socket
which is made from a machinable ceramic and designed to fit a 24 pin ceramic package.
There are two holes on each side of the oven for gas to flow through. The flow controller

is connected to the gas inlet by copper pipes.
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Figure 4.2 Oven control system
4.3 Fabrication

4.3.1 Fabrication of interdigitated devices

A standard photolithographic technique was used for the production of devices. As the
initial step in the fabrication process, the wafers were subjected to standard RCA
cleaning. Figure 4.3 illustrates the fabrication sequence. After inspection for cleanliness,

wafers were placed in the furnace in order to grow a 5 pum oxide layer for electrical

insulation. A layer of aluminium was then sputtered onto the silicon dioxide. A
photoresist was spin cast onto the silicon wafer, and then the wafers were transferred to
the mask aligner for contact printing. The exposed area was developed and rinsed away
when a positive photoresist was used. The unwanted aluminium portion was then etched
with aluminium etchant. Finally, the remaining photoresist was removed by acetone and

leaving the aluminium electrodes on the silicon dioxide.
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Figure 4.3  Fabrication scheme for interdigitated aluminum on silicon
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4.3.2 Fabrication of the sensor devices

A general fabrication of the sensor devices via the room temperature photochemical
process is illustrated in Figure 44. A known amount of CH,Cl; precursor solution
containing W(CO)4(Etz-en) was placed onto a spinning interdigitated device to make an
amorphous film. The fabrication of the interdigitated device has been described in the
previous section (4.3.1). The metal oxide sensor was made by exposing the precursor
device to a 254 nm UV lamp for a specific time. Films of different thicknesses were
made by repeating the coating and photolysing procedures several times to obtain the
required thickness. Polycrystalline films were produced by annealing the photolysed

films at SO0°C in air for two hours.

44 Measurement of electrical properties of sensors

In this section, the general measurement scheme is presented (see Figure 4.5). The sensor
device is plugged into the 24-pin ceramic socket which is connected to the voltmeter and
the power supply. The socket is inside the oven where the temperature can be adjusted.
 The current-voltage characteristics were measured in the temperature range from 17°C to
350°C. A known amount of NO, was injected into the air hose under conditions of
constant voltages and flow rates. The conductivity change with respect to the various

concentrations of NO, was monitored at different temperatures.
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Interdigitated aluminum electrodes
§ are deposited with standard
photolithography.

metal complexes

"J=—====3 The precursor solution is spin cast on
devices, depositing photosensitive
metal complexes.

||l

=====] Devices are photolysed with 254 nm
light fcr a few seconds for
producing desired metal oxides.

metal oxides

Figure 4.4 Fabrication sequence for the production of metal oxide thin film devices
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4.5 Results and Discussion

4.5.1 Materials characterisation

The syntheses and general processes for making the amorphous films of W(CO)4(Et;-en)
have previously been described in Chapter 3. The processes for producing the films with
required thickness have been modified slightly and are presented in this section. In order
to improve the efficiency of the fabrication, the light source was changed from a 366 nm
UV lamp with 3.0 mW/cm? output to a 254 nm UV lamp with 70.0 mW/cm?® output. A
saturated solution of W(CO)4(Etz-en) in CH,Cl, was made and filtered. This precursor
solution was spin cast onto the comb-shaped device to form an amorphous film. Another
amorphous film was deposited on a silicon substrate with no electrodes under identical
conditions for reference. The precursor film photochemistry (under the output of a 254
nm UV lamp) was monitored with the FTIR spectrometer only on the film deposited on
the no electrode substrate because the highly conducting electrodes scatter photons.
Figure 4.6 shows the changes in the infrared spectra of the precursor film upon irradiation
under 254 nm UV lamp in air. It can be seen from the spectra that no absorbance bands
consistent with the starting materials were observed after 5 seconds. This reflects that the
starting materials reacted within 5 seconds, and the photoproducts reacted with oxygen in

air to form stable metal oxides.
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Figure 4.6 FTIR spectra associated with the photolysis of W(CO),(Et,-en)
as a surface film on silicon at room temperature
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The photoproduced film was transferred to the Auger electron spectrometer in order to
determine the composition (see Table 4.1). The average composition of the film was
found to be WO,. In some devices, the amorphous film was annealed at 500°C for 2
hours in air to form the polycrystalline film whose composition was analysed by Auger
electron spectroscopy to be WO, (see Table 4.1). The oxygen conicat in the amorphous
films is lower than in the polycrystalline films. This oxygen deficiency has profound

effects on the conductivity of the device [59-60, 62, 85, 86].

Table 4.1 Auger analysis of films produced by the photolysis films of

W(CO)4(Et;-en) with 254 nm light

Precursor film sputter W O composition(calc.)
time(sec.)
amorphous 0 0.28 0.72 WO6,0.04
5 0.41 0.59 WO(1.45,009)
10 034 0.66 WO 96,007
polycry stalline 0 0.24 0.76 WO(3_ 1:0.04)
10 0.28 0.71 Wo(z_sto_oq)
30 0.30 0.70 WO@.3,00m
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4.5.2 Structural characterisation

The amorphous film deposited on silicon chip with no electrodes was transferred to the
X-ray diffraction spectrometer. The XRD patterns of the as-deposited film of tungsten
oxides shows no reflection peaks, which indicates that the films are amorphous (see
Figure 4.7). After annealing of an amorphous film, the XRD spectrum of the resultant
film was recorded (see Figure 4.7). There are two peaks present after annealing indicated

the formation of a crystal. The peak centred at 20 = 44.37° had been interpreted to
correspond to the reflection from the (211) plane of WO3, and the one at 28 = 37.64° is

the reflection from the (210) plane of WOj; [86].

The lattice structure of WQj; is known to be the ReO3 type as mentioned previously [86,
87]. Figure 4.8 illustrates the lattice structure of WO;, where each tungsten atom is
connected to six oxygens and each oxygen is shared by two tungsten atoms. A simplified
band structure for WO; is shown beside the lattice structure in Figure 4.8. The &, n*, o,
and ¢* molecular orbitals are formed from the combination of the p-orbitals on oxygen
and d-orbitals on the metal. Since tungsten (in the oxidation state six) donates all six d-
electrons to the oxygens surrounding it, there are no electrons remaining to occupy the ©*
orbital. The band gap separates the ® and ©* orbitals. The analysis from the Auger
electron spectra indicates that there were some oxygen defect sites in the material. In the
case of a oxygen defect, not all of the d-electrons are transferred to oxygen. Figure 4.9

illustrates the vacant oxygen site in the WO;.
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The band structure for WO; with W(V) dopants is also shown beside the lattice structure
in Figure 4.9. The electrons in the W(V) occupy states within the band gap. At
temperatures above 0 K, these electrons may occupy the conduction band and become the
majority carriers. This interpretation is supported by examining the WOj5 film using the

hot-probe method which indicated that it was a n-type semiconductor [95].

4.5.3 Electrical characteristics

4.5.3.1 The current-voltage behaviour of amorphous WO; films

Metal oxide devices were fabricated by depositing and photolysing the precursor films on
the interdigitated electrodes. The electrical properties of the Al-WOs;-Al sensor can
therefore be measured by electrical probing with the aluminum electrodes. The general
method of fabrication was described in Section 4.3. Different thicknesses of WO; films
may result in different resistances and hence different sensitivity to the surroundings.
Therefore, the WO5 films of 250 and 500 nm thickness have been deposited between the
500 nm thickness aluminum electrodes. The films were examined under microscope and
assumed to be uniform. The conductivities of these sensors have been measured at
various temperatures, and monitored periodically for a year. It was found that the
conductivities of the sensors stayed constant for that period of time. The current of the
500 nm thick WOj; film was measured from an applied bias of O to 20 V and temperature
of 223°C to 293°C. I-V curves for this device are illustrated in Figure 4.10. The current

of the sensors increased with increasing voltages and temperatures.
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The [-V curves measured at different temperatures for the 250 nm thick amorphous WO,
film are also illustrated in Figure 4.10. The current of the films also increased with
increasing temperatures and voltages. Furthermore, the resistance of the 250 nm thick
material was found to be higher than that of the 500 nm thick films. This relationship can
be interpreted by the Equation 1.7: p = ZV/L, where p is the resistivity, ! is the distance
between the two points at which the voltage is measured and Z is the cross-sectional area
perpendicular to the direction of the current. Since the resistivity is independent of
specimen geometry, a reduction in the thickness of the film results in an increase in its
resistance. The conductivity of both devices was found to be sensitive to the operating
temperatures. Their resistance decreased with increasing temperatures. Because of
instrumental limitations on the multi-meter, the current of the sensor could not be
obtained at lower voltage ranges when the temperature was below 180°C for the 500 nm

thick material, and 223°C for the 250 nm thick material.

4.5.3.2 Current-voltage behaviour of 250 and 500 nm thick polycrystalline WQ;

films

The conductivities of the polycrystalline films at different thicknesses have been
measured at various temperatures (see Figure 4.11). The current-voltage relationship for
these films did not follow Ohm’s law. Instead, the current increased exponentially with
increasing bias. The resistance of the 500 nm thick films was lower than that of the 250

nm thick films.
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This agrees with the relationship defined by Equation 1.5, where an increase in resistance
of the film was due to a reduction in its thickness. The conductivity of the devices was
very sensitive to the operating temperatures, and was found to increase with increasing
temperatures. The resistance of the polycrystalline films was lower than those of the
amorphous ones. The difference arose from the heat treatment that the polycrystalline
devices underwent. The amorphous films were crystallised after being annealing at

500°C for two hours [88].

4.5.3.3 Electron transport in amorphous materials

The measurements of the current-voltage characteristics of the amorphous films indicate
that the current is very sensitive to applied voltages and temperatures. In order to
accurately determine the electron transport mechanism in amorphous solids, there are
three transport mechanisms which must be considered: variable-range hopping
conduction, single electron hopping conduction, and ohmic conduction [57, 88]. The
electrical data were fitted into three equations representing the three types of electron
transport. The best fit of the three equations determined the transport mechanism for the
electrons in amorphous films. Variable range hopping conduction usually takes place
when there is a relatively high density of localised or defect states in the energy gap.
Figure 4.12 illustrates the possible defect states in the energy gap. If there is an electron
with enough energy to move from the initial state to either A or B state through hopping

cenduction, then the mechanism for the current transport is that of variable range

hopping.
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Figure 4.12  Illustration of variable range hopping transport, where A and B are two
possible final states for an electron with excess energy to move to.
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When variable range hopping conduction takes place, there is more than one barrier
height between the potential initial and final states. It is therefore impossible to
determine them individually. The equation for variable range hopping conduction is as
follows [89]:

o =0, EXP( - oT ) (4.1
where ¢ is the conductivity of the material, 6, and o are constants, and T is the
temperature. The conductivity can be substituted by the conductance G, since G is
linearly proportional to conductivity. Therefore,

G =Go EXP( - oaT ') 4.2)

A straight line with a slope of In(Go) and intercept of o should be obtained, if G is plotted
against T "4,

If the electron moves through the solid via a fixed barrier and a fixed hopping distance,
then the transport mechanism is single electron conduction. In the case of single electron
transport, there is only one accessible localised state in the energy gap and a single barrier
height can therefore be determined. The equation used for single electron hopping
conduction is

Iy =Jo EXP(-E2/kT) 4.3)
where Ji is the current density multiplied by the temperature, Ea is the activation energy,
T is the temperature, and k is Boltzman’s constant [90]. Since there is only one
accessible final energy state for the electron, the activation energy can therefore be
calculated. If In(J) is plotted against 1/kT, then the slope is the barrier height between the

initial and the final state.
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It is possible that the electron transport follows ohmic conduction. The equation for
ohmic conduction is:
J = F EXP(-Ea/kT) (4.4)

where J is the current density, F is the electric field, and Ea is the activation energy.

The current-voitage information (taken at different temperatures) of the 500 nm thick
amorphous WO; films was fitted to equations 4.2 - 4.4, These three fitted curves are
shown in Figure 4.13. The slopes and intercepts of the fitted lines are tabulated in Table
4.2. In order to determine which mechanism best fits the data, both the graphs and the
data must be further examined. The first graph in Figure 4.13 illustrates the fitting for
single electron transport. If single electron hopping transport is the mechanism for
conduction, then the barrier height of conduction will be given by the slope of the fitted
line. Since there is only one barrier height, the calculated barrier heights reported in
Table 4.2 should approximately be the same. However, the calculated slopes were found
to be very different from each other. Therefore, it is unlikely that electrons follow the
single electron hopping mechanism. The second graph shows the fit to ohmic
conduction. If ohmic conduction is the mechanism for electron flow in the 500 nm thick
films, then these four lines should be approximately parallel to each other. The slopes of
these fitted lines reported in Table 4.2 show that the activation energies (slopes of the
lines) were very different from each other. Therefore, the possibility of the electron

conduction via ochmic conduction transport can be eliminated.
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The third graph represents the fit of the data to the equation for variable range hopping
conduction. The slope of the line represents a few of the possible barrier heights -
making it impossible to single them out. However, it can be seen from the graph that the
line includes almost ali the data points. Therefore, it is the most convincing result of the
three mechanisms considered. Thus, the electron flow in the 500 nm thick WO; films

was consist with variable range hopping conduction.

Similar fitting calculations have also been carried out for the 250 nm thick amorphous

WO; films. Both the data and the graphs support conduction via variable range hopping

(see Figure 4.14 and Table 4.2).

Table 4.2 Fitted data for different electron transport mechanisms in amorphous

WO,
“Thickness _ electron transport  bias activation Intercept
mechanism voltage energy
(eV)
500 nm single electron 5 0.7240.02 46.27+0.43
hopping 10 0.77£0.02 45.0410.47
15 0.80£0.02 44.1840.51
20
0.81+0.03 43.96+0.64
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Table 4.2

(continue)

ohmic conduction 5 0.68+0.02 2.4310.43

10 0.731£0.02 5.05+0.46

15 0.761+0.02 6.72+0.49

20 0.77£0.03 7.51+0.63

variable range 5 324.78+10.31 50.07+0.86
hopping 10 348.43+4.57 55.04+0.96
15 363.61+4.92 58.27+1.03

20 367.43+8.08 59.09+1.69

250 nm single electron 5 0.93+0.09 422242 14
hopping 10 1.00+0.14 40.57+3.14
15 0.99+0.14 40.92+3.34

20 0.9740.13 40.94+3.23

ohmic conduction 5 0.89+0.09 6.46+2.13

10 0.96+0.14 9.50+3.40

15 0.9440.14 9.96+3.33

20 0.93+0.13 10.52+3.22

variable range 5 416.69+38.01 68.14+£7.90
hopping 10 449.79+61.80 74.97+12.84
15 441.07+60.45 73.26£12.56
20 432.26+62.33 71.866+10.54

114



L} ) § ]
4 - o
FIR N -
&
¥ «p ]
‘“ p= -
> P = P
ekT, (eV)
Ly 13 1 §
0= o
i 5V
A 10v
i 15v
e 20v
S
x |
14 b=
A5 = +
A8 = 5
P2 24 = 2
e/XT, (eV-)
i 1 1
A7 -
18 b= -
o)
-4
R3S o
_m 4 L ;4
0.204 0.2068 0.208 0.210
T, (K4)
Figure 4.14 Plots of In(kT/R) vs. (e/kT) forsingle electron

hopping conduction, In(VT) vs. (e/kT) for

ohmic conduction, and In(G) vs. T¥4 for variable
range hopping (250 nm amorphous WO,

based devices)

115



4534 Electron transport in polycrystalline materials

The electron transport mechanism for the polycrystalline materials was determined in a
similar manner as outlined for the amorphous solids. However, the possible transport
mechanisms for polycrystalline solids are different from those for amorphous materials.
One of the most common mechanisms for electron transport in polycrystalline materials
is thermionic emission [88]. Polycrystalline solids are formed from grains of various
sizes, and the electrical conduction within a single grain is different from the conduction
between grains [85-87, 91-93]. It has been proposed that the electrical conduction in
materials containing different grains may be controlled by the conduction between the
grains. Therefore, the resistance of the material is dominated by grain boundaries. The
electrical data for the polycrystalline devices was fitted to thermionic emission
conduction in order to determine the barrier height. If the electrons pass through the solid
via thermionic emission conduction, then the current is described by the following

equation:

_ TExp(—2%8) 1Y .
I =cT*EXP( T )(kT) 4.5

where [ is the current, ¢ is a constant, T is the absolute temperature, q¢g is the barrier

height and V is the applied bias [88]. The thermionic emission activation energies for
these two polycrystalline WO; based devices are reported in Table 4.3. The fitted curves
are plotted in Figures 4.15 and 4.16. The average calculated activation energy for the 500

nm thick polycrystalline WOs film is 0.14 eV whereas the activation energies for 250 nm
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thick films vary between 0.14 and 0.20 eV. Since the activation energy for conduction
depends very much on the size of the grains and therefore the thickness of the film, the
widely varying activation energies of the 250 nm thick indicate that the film is too thin for

an accurate determination of the conductance.

Table 4.3 Fitted data for thermionic emission conduction in polycrystalline WO,
“Thickness _ electron transport bias activation Intercept

(nm) mechanism voltage energy (eV)

500 nm thermionic emission 5 0.14+0.02 21.1240.60
10 0.1440.02 19.29+0.64
15 0.13£0.02 18.52+0.64
20 0.13+0.02 17.88+0.73

250 nm thermionic emission 5 0.14+0.01 21.05+0.39
10 0.18+£0.01 18.62+0.49
15 0.20+0.02 17.22+0.59
20 0.21£0.02 16.33+0.72
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4.5.4 Sensor response

4.5.4.1 Amorphous sensors

The sensors were exposed to various concentrations of NOy gas at different temperatures.
The temperature range used was 17°C to 300°C. Figures 4.17-21 show the changes in the
electrical current through the 500 nm amorphous WO; film before and after it was
exposed to various concentrations of NO, while maintaining the temperature at 242°C
and the bias voltage at 1.53 V. The current of the sensor decreased from 15.5 to 13 nA
after exposure to 0.1 ppm NO., but it dropped to a half upon introduction of 1.0 ppm
NO,. Thus, a larger current change was induced by increasing the amount of NOy in the
system. The sensor was also investigated at a temperature of 251°C (see Figures 4.22-
24). The initial current (16 nA) increased to 22 nA, upon increasing the temperature to
251°C. The concentration of the NOx used for exposure was 0.1, 0.5 and 1.0 ppm. The
degree of the current change depended on the concentration of NO,. Although the
magnitude of the current deflection at 251°C and 242°C was similar, the recovery time
was shorter when the sensor was operating at the higher temperature. The response of
sensor to 1.0 ppm NO;, at different working temperatures is plotted in Figure 4.25. Upon
exposure to 1.0 ppm NO; at 251°C, it only took 5 seconds for the sensor to recover - half
of the time required for the same sensor operated at 242°C. Thus, a higher operating
temperature results in a higher current through the sensor and a faster recovery time. The

data obtained for the sensor response is summarised in Table 4.4.
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Figure 4.18 Plot of current vs. time for an amorphous WO, based sensor
exposed to 0.2 ppm NO, at 242°C (500 nm)
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Figure 4.21 Plot of current vs. time for an amorphous WO; based sensor
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Table 4.4 Table showing the sensor response of devices whose active elements

are amorphous and polycrystalline WO,

Forms of Thickness Temp ppm Voltage Initial Final Recovery
Current Current Time
WO; (nm) Q) NO, %) (nA) ____(nA) (sec)
amorphous 250 242 0.1 1.53 7 4 10
amorphous 500 242 0.1 1.53 15.5 13 10
0.2 16 12 15
0.5 16 10 25
1.0 16 9 40
3.0 16 8 40
251 0.1 1.53 22 18.5 5
0.5 22 16 5
1.0 22 14 15
polycrystal- 500 242 0.1 1.53 90 40 40
line 242 0.5 1.53 90 20 40
17 0.1 6.8 170 120 2.52 x 10*

In general, the deflection of the current at fixed bias is dependent on the amount of NO,

introduced. An increase in the working temperature of the sensor results in a faster

recovery time. The thickness of the sensor device does not change characteristics of the

sensor significantly. Upon exposure to the same amount of NOx the sensors took

approximately the same time period to recover; however, for a given temperature, a

thicker film resulted in a higher conductivity, as seen in Figure 4.10. A simplified

molecular orbital diagram (Figure 4.26) is used to illustrate how NO, affects the

conductivity of the WO; sensor. The adsorption of an NO, molecule on one of the

surface sites of WO; leads to the combination of an excess electron in the band gap with

the electron on the p-orbital from NO,.

As discussed in section 4.5.2 these excess



electrons are a result of the oxygen vacancies in the materials. Since these excess
electrons are responsible for conduction, the conductivity of the material will decrease if
the amount of these majority carriers decreased (or the charges in the materials have been
transferred to the gas molecules). In addition, since the adsorption and desorption rates
are temperature dependent, a higher working temperature results in faster desorption.
Presumably, the current would start to decrease as soon as the first NO, molecule arrived
and transferred charges from the metal oxide films to NO,, and the current would
continue to decrease as more NO, adsorbed onto the surface. (According to the
calculation in Section 4.7.3, some NOx would arrive at sensor 0.16 second after
injection.) However, at some point, the rate of adsorption and desorption of the NO, on
the surface will become equal. It would be difficult to determine the adsorption and
desorption rate at this point, since it was impossible to determine the amount of NOx
adsorbed and the amount of NO, desorbed from the surface. Moreover, since the total
energy of NO, NO, NO,, and NO,™ are different, the corresponding adsorption heat and
desorption heat are thus different. Therefore, the rate of the adsorption/desorption can
only be determined when a systematic study is performed in a thermodynamically or
kinetically controlled environment. There is another factor which determines the rate of
the sensing response, i.e., the rate of the charge transfer between the adsorbate and the
sensing materials. This would have to be carried out in more detailed spectroscopic study
which will be described in Chapter 6. Hence, the rate limiting step in the sensing

response was unable to conclude at this point.
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Figure 4.26 The adsorption of NO, on WO, surface
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4.5.4.2 Polycrystalline based sensors

In order to compare the polycrystalline sensors to the amorphous ones, the polycrystalline
based sensor was operated at 242°C. Figures 4.27-28 illustrates the sensor response of
the 500 nm thick polycrystalline tungsten oxide based sensor to 0.1 and 0.5 ppm NO; at
242°C. For the same bias voltage (1.53 V), the conductivity of the polycrystalline based
device was six times that of the amorphous based devices; however, the recovery time
was 30 seconds longer. In general, the behaviour of the polycrystalline based sensor was
similar to that of the amorphous ones. A higher operating temperature resulted in a
higher current and shorter recovery time. However, the polycrystalline based sensors
could be operated at much lower temperatures than the amorphous based sensors ( see
Table 4.4). This is due to the higher conductivity of the sensing element that has been
achieved by heat treatment. It was mentioned previously that because of instrumental
limitations, the lowest temperature where sensor operation can be characterised is the
temperature at which the current can be detected. The polycrystalline based sensor could
be operated at 17°C; however, its recovery time at this temperature was as long as 7
hours. This observation indicates that the polycrystalline based sensors could not be used
in an environment where prompt recovery time is required. All sensors have been

monitored for a year, and their sensor response was reproducible for that time period.

4.5.4.3 Cross sensitivity

The cross sensitivity to NHj;, CO, C;HsOH and N, gases for the tungsten oxide based

sensors has been tested.
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Figure 4.27 Plot of current vs. time for an polycrystalline WO, based sensor
exposed to 0.1 ppm NO, at 242°C (500 nm)
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These gases were introduced into the gas chamber at 242°C for the devices based on
amorphous materials and 17°C for the device based on polycrystalline materials. The
temperatures chosen were the respective optimised working temperature for each sensor.
It was found that none of the above gases cause any changes in the current through the
device. Thus, there was no cross sensitivity between these gases and NO; when the
tungsten oxide based sensors were used. Although the exact concentrations of these
gases were not calibrated, in excess of 1000 ppm of each was used. Even though the
detailed cross sensitivity tests still need to be performed on the tungsten oxide based
devices, this preliminary result is encouraging. The tungsten oxide based sensors can
detect sub-ppm NO;; however, they cannot detect the above gases at much higher
concentrations. Hence, there was no cross sensitivity found at the optimised operating
temperature of these sensors eliminating the possibility of a false alarm at this

temperature when there are gases other than NOx present in the air.

4.6 Conclusion

A room temperature photochemical method for fabricating amorphous WO; based
sensors has been presented. Amorphous WOj3 based devices of different thicknesses were
made, and it was found that thicker sensors had lower resistance and hence a lower
optimised working temperature. Since oxygen defects in the WO3 material leave excess
electrons in the metal centres, these excess electrons in the band gap induce the

conduction in the semiconducting WO; material. The electron transport in amorphous
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materials was determined to be via variable range hopping. The activation energy for
hopping between the initial and the final states can not be calculated because there is
more than one final state. The electron flow in the polycrystalline material was via
thermionic emission rather than via either the single or variable range hopping
mechanism. The activation energies for polycrystalline WO based devices of different
thicknesses were calculated. The 500 nm thick films have higher conductivity and their

activation energy could be determined more precisely than the 250 nm ones.

For all sensors tested, the sensitivity of the sensors was not influenced by thickness of the
sensor. However, it was found that higher NO, concentration and lower temperatures
prolonged the recovery time. This is due to more NOy on the surface requiring more time
to desorb and a higher temperature causing a faster desorption rate. The sensor response
of the polycrystalline WO; based sensors was approximately the same as the amorphous
ones but with significantly lower working temperatures. The amorphous sensor has the
advantage owing to its faster and easier production. All sensors were monitored for a
year. The sensing response was reproducible over that time period. Even though the
detailed cross sensitivity test on all gases to NOx has not been carried out, preliminary
results demonstrated that tungsten oxide based sensors were not influenced by gases other
than NOy at the optimised operating temperatures. The direct deposition method largely
simplified the process of fabricating the sensors, and offered the possibility of producing

the devices at ambient conditions. The high sensitivity and reproducibility found in both
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the amorphous and polycrystalline WO; based sensors have promised us better NO,

sensors for environmental monitoring.

4.7 Experimental

4.7.1 Instruments and chemicals

The Mask Aligner used for photolithography was the Quintel Q-4000 Wafer Alignment
System. The wafer scriber is diamond saw style. The packages used for the devices were
24-pin ceramic device carriers. The photoresist used for photolithography was the
positive resist Shipley SPR2. The developer was Shipley MF319. The developer used in

the dark room for the development of the photoplate is the D19 from Kodak.

X-ray diffraction measurements were performed using a Philips MPD 1830 powder
diffractometer with graphite monochromated Cu Ko radiation in the Bragg-Brentano
parafocusing geometry. The FTIR spectra with 4 cm™ resolution were obtained using a
Bomem Michelson 120 FTIR spectrophotometer. Auger electron spectra were obtained at
the Surface Physics Laboratory, Dept. of Physics, Simon Fraser University using a PHI
double pass CMA with 0.85 eV resolution. Film thickness was determined using a Leitz

Laborlux 12 ME S with an interference attachment.

137



4.7.2 Materials and substrates

Starting materials, W(CO),(Et;-en), were synthesised following the literature method [79]
and characterised by FTIR and elemental analysis. The substrate used was silicon oxide
on which there were interdigitated aluminum electrodes. Those electrodes were

deposited photolithographically with 1000 um length, 15 pm width and 15 pm spacing.

4.7.3 Production and concentrations of NO,

The NO, gas was produced by dissolving copper in nitric acid according to Equation 4.6
(83].

Cug) + 4 HNO; (12M) — Cu(NO3)2qq) + 2NO2 (g + 2H20 (4.6)
The amount of NO; in the reactor was calibrated by producing the NO, with a known
amount of copper in a known amount of a sealed flask. For example, complete reaction
of 0.01 g Cu in 12 M HNO; would produce 0.014 g NO, and 0.0057 g H:O. K the
reaction proceeded in a 1 L sealed flask, then the concentration of NO, in the flask would
be 14 ppm. If the sensor was going to be tested at 14 ppm NO,, then 0.1 mL of the NO;
gas was injected into the hose with dry N; flowing constantly at 37.1 mL/min flow rate.
If the sensor was going to be tested at 0.1 ppm concentration of NO,, then 0.007 mL of
the 14 ppm NO, was mixed with dry N> to a total volume of 1 mL and then 0.1 mL of the
0.1 ppm NO, was injected into the hose. The travelling distance between the sensor and

the injection point on the hose is 1.2 cm. The diameter of the hose is 0.5 cm, the amount
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of dry N3 in the 1.2 cm hose is about 0.23 mL. In an ideal case, 0.1 mL of NO, would
arrive at the sensor after 0.16 seconds of the injection time. The 0.1 ppm NO, injected
into the hose would result in a lower concentration than 0.1 ppm. The concentration of
NO; in the N; stream would increase gradually during the injection. The peak
concentration would be 0.1 ppm, in an ideal case. The largest current change of the
sensor should reflect the peak concentration of the NO,. Hence, the reported sensor

response provides a lower estimate of the sensor response to 0.1 ppm NO,.

4.74 Purity of NO,

It has been reported in Section 4.7.3 that the production of NO: was accompanied by the
formation of H,O. It was assumed that since the limiting reagent is the amount of Cu
dissolved in HNOs3, the amount of NO; produced was calculated according to the amount
of Cu used. Another factor which may contribute to the error on the amount of the NO,
produced was the formation of H,O. Since NO, would dissolved in H;O to form HNO;
and HNO,. However, this error was assumed to be small since the amount of H.O
produced was very small, e.g., 0.0057 g of water would be produced while 14 ppm of
NO, was produced in a 1 L flask. The possible of water effect on the sensor resulting
from the non-dried NO, was eliminated experimentally. The sensor was exposed to a 1
mL sample of non-dried air to see whether or not the conductivity of the sensor would
change. There was no significant change in the current of the sensor with the biases and

temperatures used in this study. (Generally, the conductivity of thin films would increase
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with higher moisture content in the material and in air.) Even though a detailed study of
the moisture effect on the sensor is still required, preliminary result indicated that the
non-dried air did not change the conductivity of the sensor significantly under the

conditions used in this work.

Another situation which may contribute some degree of error in the concentration of NO,
was that nitrogen dioxides and dinitrogen tetroxides were assumed to exist in a strongly
temperature-dependent equilibrium, and the equilibrium constant, Keq, at 25°C is 0.0046
[94].

N2O4g) = 2 NOq,) 4.7

It was then important to calculate the amount of N,O4 would be produced, if 14 ppm of
NO> was produced in a 1 L sealed flask. After performing the calculation, the amount of
N,O; would be produced in this case was 0.0426 ppm. These produced N>O; molecules
would introduce 0.3% error into the reported concentrations of NO,. According to
Equations 1.8-1.10, NO, would be converted to NO with the presence of light, and NO
would be converted to NO» with the presence of O;. The ratio of NO to NO;, varied with
the concentration of O; and the light intensity. For example, there are more NO than NO;
in the day time and more NO; than NO at dark, or at night [1]. Since not only both
nitrogen oxides are air pollutant, but also their concentrations vary with the atmosphere, it
is therefore important to fabricate a NOy sensor which can be used to monitor both NO

and NO», at various of conditions.
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4.7.5 Procedures on the NO, sensor testing

A known amount of NO, was injected into the dry N, hose under conditions of constant
voltages and flow rates. The conductivity change with respect to the various

concentrations of NO, was monitored at different temperatures.

4.7.6 Darkroom preparation

An acetate sheet with defined features was placed in direct contact with a photoplate.
The photoplate was then exposed through the acetate sheet for 30 seconds. After turning
off the light, the photoplate was transferred to the developer for one and a half minutes.
The photoplate was rinsed in water for five minutes and then transferred to the fixer for 5
minutes. After its removal from the fixer, the photoplate was rinsed in running water for
20 minutes. The plate was slowly dried with nitrogen for 2 minutes. The clarity of

pattern on the plate was examined under the microscope.

4.7.7 RCA cleaning

Wafers were cleaned by using standard RCA SC1 and SC2 cleaning procedures. In the

RCA SC1 procedure, 1000 mL of de-ionised (DI) water, 200 mL 30% NH4OH and 200

mL 50% H>0, were placed in 2 2000 mL beaker and heated to approximately 70°C. The

temperature of the solution was adjusted to 80+5°C. The volume of the solution was

141



sufficient to clean six wafers at a time. Wafers were placed in the beaker for 10 minutes,
and then rinsed with running de-ionised (DI) water for at least three minutes. Wafers
were then ready for the HF acid cleaning. This step was to strip the native oxide. A
solution containing 1600 mL DI water and 16 mL HF was made in a 2 L plastic beaker.
The wafers were placed into the solution for 30 seconds at room temperature, and then
rinsed with running DI water for at least 3 minutes. The next step was the RCA SC-2
Clean. The purpose of this step was to remove any metals from the surface. In this
procedure, 1050 mL DI water was placed in a 2 L glass beaker. 175 mL HCl and 175 mL
H,0, were added to the beaker after the temperature of the de-ionised water has been
heated to approximately 80°C. Once the temperature of the solution was at 80+5°C,
wafers were immersed in it for 10 minutes. The wafers were then rinsed with running DI
water for at least 5 minutes. The rinsing procedure was repeated twice with clean water.
The wafers were then transferred to a spinner for drying. They were spun at 4000 RPM
for approximately 30 seconds. Any water left on the back side of the wafer was removed

with dry Na.

4.7.8 Photolithography

Cleaned wafers which has been sputtered with aluminum layers on top were baked at

100°C for 25 minutes before depositing photoresist on them. The wafers were allowed to

cool to room temperature before spinning the photoresist. Three drops of the photoresist

were carefully placed on top of the wafer, and the spinner was turned on. In order to form
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a uniform film, the wafers were spun at 4000 RPM for 30 seconds. The wafers were
examined for defects under a microscope equipped with a yellow filter. The purpose of
using the yellow filter is because it cuts off the wavelength of light which the photoresist
absorbs. The wafers were then placed in the oven at 100°C for 25 minutes. The mask for
this wafer was loaded in the mask aligner correctly with the x-y stage. Once loaded, the
wafers should be in contact with the mask and exposed to light for 15 seconds. The
wafers were then rinsed with MF319 developer at room temperature for 60 seconds
causing the features on the wafers to appear. The wafers were then rinsed with running
DI water for at least 3 minutes, and spun dry at 4000 RPM. At this point, the features on
the wafers were examined under the microscope. If the features were fine and clear, the
wafer was ready for the hard bake (20 minutes at 120°C in the oven). Otherwise, the
photoresist was stripped off (20 minutes in acetone at room temperature), the

photolithography process could thus be started afresh.

The aluminum etchant was used at 50°C to obtain an etch rate of 100 A/sec. Wafers were
soaked in the aluminum etchant for 50 seconds if the aluminum layer was 500 nm thick,
and then rinsed in running DI water for 5 minutes. The features on the wafer were
examined under the microscope for possible underetching or overetching. The wafers
were soaked in room temperature acetone for 5 minutes, and then for a further 2 minutes
in fresh acetone in order to strip the photoresist. Again, the wafers were rinsed in running
DI water for at least three minutes. After this procedure, the wafers were ready for

cutting.
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4.7.9 Wafer Scribing, Cutting and Packaging

The wafer was scribed by a diamond tip and then cleaved to separate the devices.
Individual devices were then gold bonded to a 24-pin device carrier. Ceramic device

carriers were used for packaging.

4.7.10 Hot-probe method

In order to determine whether the semiconductor is n-type material with electrons as the
majority carriers or p-type with holes as the majority carriers, hot probe method was used.
First of all, heat was applied on a certain metal tip which touched the surface gently. One
side of the voltage-meter was then connected to the metal tip, and the other side was
connected to the surface with a distance away from the hot tip. Since the hot point made
carriers expand away from the contact point, the charge of the dominant carrier species
(electrons or holes) determined the voltages measured. If the measured material was n-
type, electrons would be excited by the heat and moved away from the hot tip. Therefore,

a positive voltage would be read in the meter and vise versa.
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CHAPTER 5

Novel amorphous Moy ¢sWO and Moy 49 Wy 730 based sensors made

photochemically at room temperature for sub-ppm NO, detection

5.1 Introduction

In the previous chapter, sensors based on amorphous films of tungsten oxide were
fabricated and they responded to sub-ppm NO;. However, the resistivity of the
amorphous tungsten oxide films was low and therefore a high operating temperature (~
200°C) was required to operate these sensors. Thus the objective of this chapter is to
fabricate sensors with lower resistivity in order to achieve lower operating temperatures.
Doping is one common method used in material fabrication to increase the conductivity
of a material. Tungsten oxide will therefore be doped with other elements in order to
decrease its resistivity. Molybdenum oxide was chosen to act as dopant in the tungsten
oxide films, since there have been a few molybdenum complexes used as catalysts for
converting NO, to N, and O, [96]. In order to make mixed metal oxides by the same
photochemical method, Mo(CO)4(Etz-en) was used to mix with W(CO)s(Et,-en) before
deposition. In this chapter, the material, structural and electrical properties of the mixed
metal oxide thin films will be presented first. Their electron transport mechanism will be
determined and reported. Finally, the sensitivity of these devices is described and

discussed. This is the first time that amorphous MogosWOQO and MoggWo. 30 thin film
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sensors have been made, and they will be proven to respond to sub-ppm NO, at

temperatures ~100°C.

5.2 Results and discussion

5.2.1 Materials characterisation

Approximately 0.002 g of a one to twenty stoichiometric mixture of Mo(CO)4(Et;-en) and
W(CO)4(Etr-en) was dissolved in CH;Cl; to make a stock solution. A portion of the
stock solution was spun cast onto the interdigitated electrode device to make an
amorphous film of the starting material. The design of the device as well as the
fabrication sequence has been described previously. Under identical conditions, a single
drop of the stock solution was placed on a silicon chip with no electrodes for reference.
This chip was used to characterise the solid state material via FTIR spectroscopy. The
FTIR spectrum was monitored on a substrate without aluminium electrodes because the
highly conducting electrodes scatter photons decreasing the signal of the spectra to noise
ratio. In order to construct a thicker film, the above process was repeated several times.
For example, ten consecutive sequences of a spin-coat followed by photolysis were used
to generate 500 nm thick films. The FTIR spectra in Figure 5.1 show the changes upon
photolysis of a 1:20 mixture of Mo(CO)4(Etz-en) and W(CO)4(Etz-en) as surface film.
The peaks centred at 1800 and 1850 cm™ are due to the carbonyl stretches of the starting
materials. The study of the photochemistry of each starting material has been described

in Chapter 3.
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Figure 5.1 FTIR spectra associated with the photolysis of 1:20 Mo(CO),(Et,-en)
: W(CO),(Et,-en) mixture as a surface film on silicon
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All starting materials reacted photochemically to form metal oxide films. The dosage
required in order to complete this photochemical reaction was found to be 140 ml/cm?
per layer. The resultant film was analysed by AES at both the surface and two different
spots inside the film in order to characterise the composition throughout the film. Auger
analysis of the final film indicated that the composition of the product was MoggsWO
(see Table 5.1). For comparison, similar preparation and deposition methods were carried
out on the production of a more heavily doped tungsten oxide film. The photochemistry
of mixture is similar to that of the MogosWO film while its composition was found to be
Mog.0oW0.730. The dosage required to convert the precursor mixture to Mog WO
photochemically was found to be 420 mJ/cm? per layer. Both metal oxide films were 500
nm thick, and were found to be n-type semiconductors when tested by the hot probe
method [95]. Although carbon was found at the surfaces of both films, the 10 second
sputtering, which probe deeper into the layers, shows that there were no contaminants
found inside the films (see Table 5.1). This indicates that pure mixed metal oxide films

had been made, and their compositions inside the films were uniform.

Table 5.1 Auger analysis of MoWxOy thin amorphous films

sputter % Mo W % O %C Composition
time (sec.) (Calculation)
0 43123 35+4 54+5 745 Mog.isWo.65s0
10 5.4+2.2 4045 55+5 - Mog.09sWo 730
10 5422 405 55+5 - Moo.0sWo.130
0 1.7+1 3942 43+3 17410 Moo.0sWo 0
10 2.5+1.2 49+2 49+2 - Moo csWO

10 24+1.5 49+2 4842 - Moo ;sWO

148



5.2.2 Structural characterisation

The film of Mog.osWO was transferred to the X-ray diffraction spectrometer. Figure 5.2
shows the XRD pattern of the as-deposited film. There is no observable reflection for the
photolysed film, implying that it is amorphous in nature. The amorphous MogosWO film
was then annealed at 500°C in the air for two hours. The resultant film has three peaks in
the XRD spectrum (see Figure 5.2). The peaks were assigned according to the ones

found in the molybdenum tungsten oxides as (1 1 1) plane at 26 = 33.31°, (1 0 3) plane at
20 =37.75° and (-2 1 3) plane at 26 = 44.51° {91]. A well crystallised film of primarily a

(111) orientation was suggested by the observation of this strongest peak centred at
33.31°. The crystal structures of molybdenum doped tungsten oxides are very similar to
that of WO3; when the molybdenum content in the mixture oxides is less than 25 mole %
[91]. The lattice structure of polycrystalline films derived from Mog05Wo 9503 assumed
to be similar to that of WO; with a ReO; type of structure. Figure 5.3 illustrates the
lattice structure, with an oxygen at each comner of the cube, and a tungsten or
molybdenum at the centre. Since the tungsten to molybdenum ratio is 1:20, one out of
every twenty-one tungsten atoms is replaced by a molybdenum atom while each oxygen
atom is shared by two neighbouring tungsten atoms. Since both tungsten and
molybdenum have an oxidation state of six, they both donate all d-electrons to the
oxygens surrounding them. Band structures for MoggsWo 95O are illustrated in Figure
5.3. The d-orbitals from the molybdenum and tungsten atoms combine with the p-

orbitals from oxygen to form four molecular orbitals - ¢, t, 6*, and ©T*.
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Since the ¢ and 7 orbitals are full and the ¢* and n* orbitals are empty, the band gap
separates t and ©t* orbitals. The most stable metal oxide for molybdenum is MoOs, and

for tungsten is WO; [97]. However, from the analysis of the Auger spectra it was found
that the composition of the amorphous mixed metal oxide is MogesWO. This result
indicated that there was an even greater oxygen deficiency in the mixed metal oxides than
in the amorphous WO;. As previously discussed in Chapter 4, an increase in the number
of oxygen defect sites results more electrons in the band gap. Because these electrons are
the majority carriers responsible for conduction, the conductivity of the mixed metal
oxides will be enhanced. This hypothesis will be supported by an examination of the

electronic characteristics of the mixed metal oxides in the next section.

5.2.3 Electrical characteristics

5.2.3.1 Current-Voltage behaviour for devices based on amorphous Moy osWO and

Moy coWo.730

The I-V characteristics of the amorphous Mog sWO based devices have been measured at
different temperatures. The current through the amorphous MogosWO based devices was
measured for bias voltages between 5 and 20 V, and has been periodically monitored over
a year (see Figure 54). The cument-voltage relationship stayed roughly the same
throughout that time period, and can be approximated by Ohm’s law - current increases

linearly with the bias voltage.
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The current-voltage behaviour was monitored for temperatures between 182°C and 235°C
for each bias voltage. It was found that the conductivity of the amorphous films was very
sensitive to temperatures because the resistance of these films decreased with increasing
temperatures. The I-V characteristics of the Mog,g9Wo.730 based devices were measured
in a similar manner to that of the MogosWO devices (see Figure 5.4). Their current-
voltage relationship was also found to agree with Ohm’s law. It can be seen from the -V
curves for both metal oxide devices that the MoggWo.730 device has higher conductivity

than the Mog gsWO device at a given temperature.

5.2.3.2 Current-Voltage behaviour for devices based on polycrystalline

Moo.0sWo5503

The current of the polycrystalline MogosWo9sO; based devices was measured using a
similar protocol to the one used for the amorphous devices. The I-V characteristics for
the annealed MoposWo9sO; are also plotted in Figure 54. The current-voltage
relationship did not obey Ohm'’s law; instead, the current of the polycrystalline devices
increased exponentially with increasing voltages. It was found that the conductivity of
the MogosWo9s03 based devices increased by a factor of eight after annealing. The

current-voltage behaviour has been monitored for a year, and it stayed roughly the same.
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5.2.3.3 Electron transport in amorphous Moy gsWO and Mog g9oWo 730

In order to determine the electron transport mechanism in the amorphous materials, there
are three types of conduction mechanisms which must be considered. As discussed in
Section 4.5.4, the three possible mechanisms are variable-range hopping conduction,
single electron hopping conduction, and ohmic conduction. The conductivity data was
fited with three equations, each representing one of the three types of electron

conduction. The equation used for variable range hopping is ¢ = 6, EXP( - aT %,
where o is the conductivity of the device, 0, and o are constants, and T is the

temperature. The equation used for single electron hopping conduction is J = Jo EXP(-
Ea/kT); where J is the current density of the device, Ea is the activation energy, and T is
the temperature. The equation used for ohmic conduction is J = F EXP(-Ea/kT); where J
is the current density, F is the electric field, and Ea is the activation energy. The fitted
curves for the amorphous MogosWO based devices are plotted in Figure 5.5, and the
fitted data is summarised in Table 5.2. In order to determine which is the best fit, both
the fitted curves and data must be further examined. The fitted plots for the variable
range hopping and single electron hopping conduction are respectively illustrated in the
first and the third graphs of Figure 5.5. Ideally, the fitted straight lines should include all
the data points; however, only the line in the single electron hopping conduction plot
satisfies this theory. In addition, the four fitted lines in the ohmic conduction plot do not
give similar slopes and intercepts, which should be the case if the electron flow in the

material was via ohmic conduction.

155



183 ] I I T 4 T Y 4 3
>
-170 = L
o
15 3= L
o
80 P~ o
—_ S
% ey 8 1
2
190 p= -
195 -
200 = -
-w 2 3 2 - N '] i 2 ) _— 2
400 4062 464 488 4088 470 472 474 4TS 4B
Tw
4
-
A6 = o
1T = a L
i s 2 5 8 L I 1 N

-
i

In{(kT/R)
5

B

LN LA RGN AN ANE DAL AN NEL NN SREL NN |

3

B

Figure 5.5  Plots of In(G) vs. T for variable range hopping,
In(VT) vs. (¢/kT) for ohmic conduction, and
In(kT/R) vs. (e/kT) for single electron hopping
conduction (500 nm amorphous Mo, (cWO based device)

156



Table 5.2 Activation energies for conduction in Mog¢sWO and Mog goW.730

based devices

Active material  electron transport  bias activation Intercept
mechanism voltage  energy
V) (eV)
amorphous single  electron 5 0.82+0.07 43.12+1.71
MogosWO hopping 10 0.90+0.08 40.26+2.19
500 nm 15 0.90+0.06 40.40+1.63
20 0.87+0.07 41.08+1.87
ohmic conduction 5 0.78+0.08 5.68+2.25
10 0.87+0.08 9.92+2.20
15 0.86+0.06 10.59%1.63
20 0.83+0.07 10.48+1.88
variable range S 17.99+2.09 102.9349.80
hopping 10 20.06+1.94 112.1549.10
15 19.89+1.51 111.25+9.09
20 19.25+1.77 108.22+8.26
amorphous single  electron 5 0.54+0.03 46.62+0.96
Mog.09Wo.730 hopping 10 0.551+0.03 46.4610.94
500 nm 15 0.58+0.01 45.45+0.29
20 0.57+0.02 45.78+0.46
ohmic conduction 5 0.50+0.03 2.21+0.96
10 0.51+0.03 3.75+0.92
15 0.55+0.01 5.58+0.28
20 0.53+0.02 5.82+045
variable range S 12.1940.76 71.79£3.49
hopping 10 12.39+0.61 72.7612.83
15 13.2440.18 76.69+0.81
20 12.9440.16 75.28+0.73
polycrystalline  thermionic 5 0.17+0.01 20.731+0.30
MogosWo9sO3  emission 10 021+0.01 17.55+0.17
500 nm 15 0.21+0.01 166.67+0.18
20 0.19+0.01 16.61+0.17
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Thus, electron flow in the amorphous MogosWO based devices was via the single
electron hopping conduction with activation energy of 0.87 eV. The electrical data from
the Mop.09Wo.730 based devices has also been fitted with the three equations (see Figure
5.6). The electron transport was found to follow the single electron hopping mechanism
as concluded from a similar argument as that for the MoggsWO based device. The
activation energy was found to be 0.56 eV. The fact that the activation energy in the
Mog.09Wo.730 based devices was lower than that of the MogosWO devices was further
proof that the conductivity in the MoggWy730 devices was higher than that of

Moo osWO.

5.2.3.4 Electron transport in polycrystalline Mog.osWo.0503

The conductivity data for the polycrystalline Mog gsWo 9503 based devices was fitted with
Equation 4.5 for thermionic emission transport in order to determine the activation energy
for conduction. The fitted graphs are plotted in Figure 5.7, and the fitting data as well as
the activation energy is summarised in Table 5.2. The fitted curves are parallel to each
other, and the calculated activation energies are similar. The average activation energy
was calculated to be 0.2 eV which is four times lower than that found for the amorphous
MogosWO based devices. Thus, the heat treatment on the amorphous solids greatly

enhanced the conductivity of the material.
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Figure 5.6  Plots of In(G) vs. T for variable range hopping,
In(VD) vs. (¢/kT) for ohmic conduction, and
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conduction (500 nm amorphous Moy, oo W 7,0 based device)
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5.2.4 Sensor response

5.2.4.1 Sensor response for devices based on amorphous Mog¢sWO

The sensitivity of the amorphous Mog osWO based sensors to various concentrations of
NO; has been monitored. Figures 5.8-11 shows the response of the Moy osWO
amorphous based sensor to 0.1, 0.2, 0.5, and 1.0 ppm NO at 224°C. The current of the
sensor decreased from 23 nA to 15 nA at 2.43 V when 1.0 ppm NO, was introduced.
However, the current only decreased from 23 to 21 nA when the concentration of NOx
introduced into the system was 0.1 ppm. Therefore, more NO; resulted a larger change in
the current of the device. The current changes and recovery times for various
concentrations of NOy at different temperatures are summarised in Table 5.3. The
recovery time for the sensor operated at 184°C was 240 seconds if 0.5 ppm NO;x was
applied; however, it only took 160 seconds to recover if 0.1 ppm NOx was used at the
same temperature. Thus, a greater quantity of NOy introduced into the chamber resulted a
longer recovery time. Furthermore, these devices were tested at different temperatures
using the same amount of NO; in order to study their temperature dependence. Figure
5.12 shows the sensor response to 0.1 ppm NOj at both 184 and 197°C. It was found that
a higher operating temperature results a higher conductivity in the sensor devices. The
sensor operated at 197°C had approximately twice the current and half the recovery time
of the sensor operated at 184°C at the same applied bias voltage. All sensors tested had a
shorter recovery time at higher temperature. These sensors have been monitored for a

year, and the sensing response was reproducible throughout the year.
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Figure 5.8  Plot of current vs. time for an amorphous Mo, ,sWO based sensor
exposed to 0.1 ppm NO, at 224°C (500 nm)
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Table 5.3 Sensitivity of the sensor devices based on amorphous Mog ¢sWO and

Maog.09Wo.730, and polycrystalline Mog gsWo.9503

Active Temp ppm Voltage [initial I final Recovery
materials °C) NO, W) (nA) (nA) Time
(second)
184 0.1 5.12 20 16 160
MOo_osWO 0.1 6.26 40 33 160
amorphous 0.5 6.26 40 31 240
189 0.1 6.18 33 28 80
197 0.1 6.26 63 51 90
217 0.1 5.12 59 49 40
0.1 6.26 142 116 40
0.5 6.26 158 120 60
224 0.1 243 23 21 5
0.2 243 23 19 10
0.5 243 23 17 20
1.0 243 23 15 20
248 0.1 6.27 436 336 15
0.1 5.12 193 163 10
0.1 2.07 17 11 5
Mog.09Wo.730
amorphous 111 0.1 1.24 10 8 160
158 0.1 0.23 10 7 120
0.1 1.24 74 63 120
172 0.1 0.05 3 1 40
173 0.1 1.24 170 144 70
0.5 1.24 170 115 120
184 0.1 0.05 11 7 17
0.5 0.05 11 7 17
1.0 0.05 11 1 40
189 0.1 6.18 33 28 40
242 0.1 0.05 1300 1100 7
Moo.0sWo.0s03
polycrystalline 96 0.1 15 4280 4220 40
58 0.1 15 1240 1200 3600
19 0.1 15 360 330 10800
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Figure 5.12  Plot of current vs. time for an amorphous Mo, osWO based sensor
exposed to 1.0 ppm NO, at 184 and 197°C (500 nm)

167



5.2.4.2 Sensor response for the devices based on amorphous Moy oWy 730

The amorphous MoggWo730 based sensor devices have been moritored at different
temperatures and with different concentrations of NO, (see Table 5.3). Figures 5.13-15
show the sensor response towards 0.i, 0.5, and 1.0 ppm NO, at 184°C. The current
change was larger following exposure to a higher concentration of NO,. The effect of
temperature on the Moo gWy.730 based sensor was similar to that of MogosWO sensor. A
higher working temperature resulted in a higher current and a faster recovery time (see
Figure 5.16). The response of the Mog,0eWo.730 based sensor has been monitored for a

year, and the result has been found to be consistent.

5.2.4.3 Sensor response for the devices based on polycrystalline MoggsWy.9s03

The sensor response of the polycrystalline MogosWo 9503 based sensors was monitored at
different temperatures and exposed to different concentrations of NOx. The lowest
temperature at which the polycrystalline based sensor can be operated was 19°C since its
conductivity was still reasonably high and could be detected at this temperature.
However, it took the sensor 10800 seconds to recover following exposure to NO,. A
shorter recovery time (40 seconds) was obtained when the sensor was operated at 96°C.
The polycrystalline MogosWo.9sO3 based sensor has been tested for a year. Its sensing

behaviour stayed constant for that time period.
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5.2.4.4 Cross sensitivity

The cross sensitivity to NH;, CO, C;HsOH and N, gases for the sensors based on
molybdenum doped tungsten oxides has been tested. These gases were introduced into
the gas chamber at 184°C for devices based on amorphous Mog osWO, 111°C for devices
based on amorphous MogeWo730 and 19°C for devices based on MoggsWogsO3
polycrystalline materials. No cross sensitivity was found between these gases and the
NO; for all three sensors tested. This demonstrated that the molybdenum doped tungsten
oxide sensors have approximately the same specificity towards NO, as tungsten oxide

based sensors.

5.3 Conclusion

A room temperature photochemical method for the production of amorphous MogosWO
and Mog s W(.730 thin film metal oxide sensors has been presented. Electrons in both the
amorphous MogosWO and MoggWo730 based devices conducted via single electron
hopping transport. The barrier height for the MogosWO based device was found to be
0.87 eV, and 0.56 eV for the Mogg9Wy.730 based device. Therefore, the probability for
an electron to pass over the conduction barrier in the Mog W30 material is greater
than in the MoggsWO material at a given temperature. Hence, the conductivity of the
Moo.09Wo130 based devices is higher than that of the MogosWO devices. Electron flow

in the polycrystalline MogosWo.9sO3 based devices was achieved via thermionic emission
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conduction, and the activation energy was found to be 0.2 eV. Therefore, the resistance

of the amorphous solid was greatly decreased by the crystallisation.

The performances of these sensors were similar in that they all responded to sub-ppm
NO,. The sensing behaviour for these devices were also similar owing to more NO,
applied to the system resulted in a larger current deflection and a longer recovery time for
all sensors tested. However, the operating temperatures for these sensors were somewhat
different. The lowest working temperature for the amorphous MogosWO based device
was found to be 184°C while that of the MoggwWo730O based devices was 111°C.
Therefore, a greater quantity of molybdenum in the starting material resulted in a higher
conductivity and hence a lower working temperature. The polycrystalline MoggsWg.9503
based device has the advantage of sensing NOy at low working temperatures (19°C);
however, its recovery time is very long (10,800 s). Its recovery time can be shortened to

40 seconds if the sensor was operated at 96°C.

From the above results, it can be concluded that both enhanced performance of the sensor
and the reduction in the operating temperature can be achieved by manipulating the
composition of the materials. This is due to the larger quantity of oxygen defect sites in
metal oxides results in higher current and hence lower operating temperatures. Thus, the
composition trend for producing sensors that satisfy the requirements of low operating
temperatures and high sensitivities has been found. The fabrication of pure metal oxide

sensors has been achieved via the room temperature direct deposition method. Since this
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has proven to be an efficient process, more materials used in the fabrication of sensors
which respond to various toxic gases for both environmental and emission control can be

produced and tested in a similar way.

5.4 Experimental

The synthesis of the starting materials, W(CO)(Etz-en) and Mo(CO)4(Et2-en), as well as
their photo-sensitivities, are described in Chapter 3. The substrate is SiO, on which
interdigitated aluminium electrodes were fabricated photolithographically. The
dimensions of the Al electrodes are: - length = 1160 um, width = 15 pm and spacing =
IS pum. The NO, gas was produced by dissolving copper in concentrated nitric acid.
Mo(CO)s(Et2-en) and W(CO)4(Etz-en) were combined stoichiometrically and dissolved in
CH,Cl, to make a stock solution. A portion of the filtered stock solution was dropped
onto a spinning interdigitated aluminium electrode. The resulting film was photolysed by
placing it under a 254 nm UV lamp for a specified time in order to produce the metal
oxide thin film sensor. A polycrystalline film sensor can then be produced by annealing
the amorphous film sensor in air at S00°C for two hours. Films with different thicknesses
were made by repeating the coating and photolysis procedure. The devices were placed
in a temperature-controlled environment where the flow and concentration of different
gases could be adjusted. Details on the design of the interdigitated and sensor devices as
well as the general fabrication sequence was reported in Chapter 4. The oven system for

testing these sensors ‘was also described in Chapter 4.
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CHAPTER 6

Conclusion

6.1 Summary of the research project

The main goal which has been achieved in this thesis was the fabrication of sensors which
were capable of detecting 0.1 ppm NOx. They were based on tungsten oxides and novel
molybdenum doped tungsten oxides. These sensing materials were produced via a room

temperature photochemical process which was efficient and economic.

Chapter 2 discussed the selection of the starting materials to be used in the room
temperature photochemical process. The first requirement is that they must form
amorphous films upon spin coating and the second is that they must be photosensitive.
The first complex considered to be used as a precursor was Cr(CO)s, because it was
photosensitive in solution [63]. However, because of the highly symmetric shape of the
complex, it formed crystalline films instead of amorphous films upon spin coating.
Therefore, PPh; was used to replace one CO in the complex in order to lower the
symmetry of the complex. The resultant complex, Cr(CO)sPPhs, formed amorphous
films upon spin coating. Thus, the photochemistry of Cr(CO)sPPhs, Mo(CO)sPPhs, and
W(CO)sPPh; in the solid state was studied. These complexes were proposed to undergo
the photochemical process as outlined in Equation 6.1.

M(CO)sPPh; —2¥ 5 M(CO):PPhs + CO —2Y 5 M +5 CO + PPh; (6.1)
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where M=Cr, Moand W.

The initial photochemical reaction generated an intermediate which decomposed upon
further photolysis. In order to interpret the photochemical reactions, an orbital correlation
for the M(CO)sPPh; molecules was derived. There were two singlet excited states which
could lead to the loss of one of the carbonyls and the formation of an intermediate. In
order to study the photoefficiency of these complexes, a kinetic equation was derived to
calculate quantum yields for two sequential photochemical processes. Their quantum
yields were found to be independent of the thicknesses of the films. The relative order of
efficiency was W > Mo >> Cr. Even though the photochemical processes of the three
complexes were efficient, they were not used to fabricate sensors because of the
phosphorus and carbon contamination in the final films. In order to improve this system,
ethylenediamine ligands were used to replace one CO and the PPh; ligand on the metal
centres. Since ethylenediamine ligands are poor ® acceptor ligands, presumably, they
would have less ability to stabilise low oxidation state molecules such as the intermediate.
These ethylenediamine containing metal complexes were investigated in a similar manner

to that used for the M(CO)sPPhs molecules.

In Chapter 3, the solid state photochemistry of M(CO)s(L-L) (M= Cr (L-L = en, Me;-en,
Et;-en), Mo (L-L = Mez-en, Et;-en), W (L-L = Et;-en)) was reported. Metal oxide films
of chromium, molybdenum and tungsten were made via the room temperature

photochemical process. These films were found to be contamination free if photolysed in
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air. The ability to form amorphous films upon spin coating these complexes depended on
both the identity of the metal and the ligands. All three chromium complexes formed
amorphous films; however, of the remaining complexes only Mo(CO)s(Me;z-en),
Mo(CO)4(Et-en) and W(CO)4(Etz-en) formed amorphous films. The complexes
containing the Et;-en ligands were found to be the best for forming amorphous films. All
of the M(CO)4(L-L) complexes have approximate C,, symmetry with four carbonyl
stretching fundamentals. Their stretching absorptions in the solid state were found to be
at approximately the same energy as the ones found in solution. The photochemical
reaction mechanism of each of these complexes was similar and was discussed using
molecular orbital theory. It was concluded that photo-dissociation of the M-N bond
occurred as the primary photoprocess. The overall photochernical reaction was the loss of

all ligands leaving only metals on the substrate consistent with Equation 6.2.

M(CO)4(n*-L-L) -h—v) M(CO)¢(n'-L-L) —> M +4CO +L-L (6.2)

M=Cr, Mo, and W, L-L =en, Me;-en, and Et;-en

It was mentioned previously in Chapter 2 that the presence of a thermally stable
intermediate resulted in an inefficient process. The substitution of the poor m-acceptor
nitrogen ligands on the metals for the phosphorus ligands may decrease the thermal
stability of the intermediate. This substitution was useful because no intermediate was
observed in the photochemical reactions of the ethylenediamine containing metal
complexes. The quantum yields have been measured, and the relative order of the

quantum yields was found to be: Cr(CO)4(Etz-en) > Cr(CO)s(Mez-en) = Cr(CO)a4(en) and
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Mo(CO)4(Eta-en) > Mo(CO)4(Mez-en). The difference was assumed to arise from the
electron donating ability of the organic substituents on the nitrogen ligand. Since there
was no detectable nitrogen or carbon contamination inside the metal oxide films produced
in air, the proposal to use a lighter ethylenediamine ligand with higher vapour pressure to
replace the heavy PPhj ligand with lower vapour pressure has solved the purity problem
associated with the heavy PPh; ligand. The lower molecular weight ethylenediamine
ligand diffused out of the film more readily than the PPh; ligand. The films produced
from ethylenediamine containing metal complexes in vacuum were found to contain
carbon; however, the ones produced in air were found to be carbon free. Presumably,
this carbon resulted from the contamination of the pump oil inside the vacuum chamber.
Having produced pure metal oxide films with high efficiency, the next step was to

fabricate metal oxide sensors via this efficient photochemical process.

In Chapter 4, the fabrication and the performance of tungsten oxide sensors for the
detection of NOy as well as a suggested model of the sensing mechanism were presented.
The design of the sensor device and the reactor chamber for testing the performance of
the sensors were also described. Sensors with different thicknesses were fabricated via
the room temperature photochemical process. It was found that thicker sensors had lower
resistance and hence a lower optimised working temperature. It was also found that the
tungsten oxide films were oxygen deficient. Oxygen defects in the WO; material would
result in excess electrons in the metal centres. These excess electrons reside in the band

gap and provide carriers for the conduction in the semiconducting WO3. The electron
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transport in amorphous materials was determined to be via variable range hopping
conduction. The electron flow in the polycrystalline material was consistent with
thermionic emission. For all sensors tested, the sensitivity of the sensors was not
influenced by the thickness of the sensor element. However, it was found that higher
NO; concentrations and lower temperatures prolonged the recovery time. One
interpretation of the response and recovery time is presented in Section 6.3.2. The sensor
response of the polycrystalline WO, based sensors was approximately the same as the
amorphous ones but with significantly lower working temperatures. All sensors were
monitored for a year, and their sensing behaviours were reproducible over that time
period. Even though detailed cross sensitivity tests on all gases have not been studied,
preliminary results showed that these sensors were not influenced by gases other than
NOx at the optimised operating temperatures. In conclusion, NOx sensors based on WO;
have been made via the room temperature photochemical process, and these sensors

exhibit high sensitivity and reproducibility.

Doping has been used in the electronics industry to increase the conductivity of
semiconducting materials. Tungsten oxides may be doped with some other elements in
order to increase their conductivity. Since contamination free metal oxide films of
molybdenum and tungsten have been deposited via the efficient photochemical process, it
may be possible to produce molybdenum doped tungsten oxides by this method. This
may be achieved by spin coating with a solution containing both molybdenum and

tungsten starting materials. If the photochemistry of each component is not affected by
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the presence of the other component then the deposition of mixed metal oxides may be
achieved via this method. In Chapter 5, a room temperature photochemical method for
the production of novel amorphous MogosWO and MoggeWo730 thin film metal oxide
sensors was presented. It was found that conduction in both the amorphous MoggsWO
and MoggeWo.730 based devices was via single electron hopping with a barrier height for
the Mog.osWO based device of 0.87 eV, and the Mog oWy, 730 based device of 0.56 eV.

All sensors responded to sub-ppm NO;, and the sensing behaviour of these devices were
similar. The application of more concentrated NOy applied to the system resulted in a
larger current deflection and a longer recovery time. The lowest working temperature for
the amorphous MogosWO based device was found to be 184°C while that of the
Mog.09Wy.730 based devices was 111°C. A conclusion was drawn according to these
observations that a greater quantity of molybdenum in the mixture resulted in a higher
conductivity and hence a lower working temperature. The polycrystalline Mog gsWo.9503
based device was able to respond to NO at low working temperatures (19°C); however,
its recovery time was very long (10,800 s). The recovery time of this polycrystalline

sensor was shortened to 40 seconds when the sensor was operated at 96°C.

From the above results, it was concluded that both enhanced performance of the sensor
and a reduction in the operating temperature could be achieved by manipulating the
composition of the materials. Moreover, the room temperature photochemical process
which can be used to fabricate many materials efficiently has been shown to be an

alternate approach to sensor construction. The sensors fabricated are sensitive to sub-
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ppm NO, concentrations. The design of the complexes and sensors as well as the testing
of the sensor performance serve as a guideline for the fabrication of various types of
' sensors for gas detection. It is thus the goal of the thesis not only to fabricate sensors for
NOx, but also to serve as a guideline for the fabrication of many other types of sensors.
The direct deposition method largely simplified the process of fabricating the sensors, and

offered the possibility of producing the devices at ambient conditions.

6.2 Comparison of these sensors with current analytical methods

NOx sensors have been used in monitoring the emissions from chemical plants and from
automobiles where the exhaust gases are at high temperature [33-39]. They are also used
to detect NO; in our daily life (environmental monitoring), where the gas particles in the
atmosphere are at room temperature. The sensors fabricated in this work were directed to
environmental monitoring, therefore, a comparison would be made between the
conventional detector and the new sensor for environmental monitoring. The
conventional nitrogen dioxide (NO-) analysis is based on a colorimetric method: NO, is
dissolved in water to form nitrite ions which are then reacted with a reagent to produce a
reddish-purple azo dye [98, 99]. This method has 0.02 ppm sensitivity and can analyse
60 samples per hour with 8 minutes hold-up time. This method suffers from long
analysing time as well as the inaccuracy of the results [100]. The inaccuracy of the
results arises from the fact that NO» does not dissolve readily in water, and when it does,

various ratios of nitrite and nitrate ions form. Therefore, the calculated results are
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adjusted by empirical calibration factors. In comparison, the sensors produced in this
work have advantages over the conventional analyser because they offers a faster
measurement time as well as the potential of being constructed in a2 small portable unit.
In addition, the new sensors provide comparable sensitivity. Moreover, since this sensor
apparently operates by monitoring the equilibrium adsorption of NOy according to a
Langmuir isotherm (see Section 6.3.2), it could be used to monitor the levels of NOy in
equilibrium with the sensor provided that the surface concentration of NOx does not

exceed the saturation level, i.e., monolayer coverage.

6.3 Future recommendations

The area of chemical sensors is very broad and the number of different solid state based
gas sensors is very large. It was therefore necessary to limit the scope of this thesis to the
preparation of the sensing material, the design and fabrication of the sensors as well as
the search for the optimised operating conditions of the sensor. There are many
directions which can be taken following this work, some of which are described in the
following sections. Also included in the following is a preliminary interpretation of some

of the details of the sensing mechanism.

6.3.1 Study of the uniformity
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The metal oxide films produced via the room temperature photochemical process were
assumed to be uniform because there were no grains or holes observed by either optical or
scanning electron microscope. It was impossible to conclude more about the film
structure without detailed structural studies on the uniformity of the thin films via
transmission electron microscopy (TEM). Hence, a TEM study of both surfaces and cross
sections of the films would be useful to study the uniformity. Even though uniformity is
a key parameter for the structure of the thin film and hence the electrical properties, there
have been only a few structural characterisation studies carried out on sensing materials
(33, 34, 35, 38]. The surface characterisation was performed via scanning electron
microscopy (SEM), and the crystallinity of the films was studied by x-ray diffractometer.
From the SEM micrographs of the surface of a film, the grain size of the particles,
porosity as well as the surface roughness can be determined. It has been reported that
sensitivity of the sensor increased with decreasing grain size of the sensing elements [36].
This was thought to be due to the surface area for sensing: when the sensing element
consisted of many small grains rather than a few large grains, a larger surface area forms.
Generally, an element with a larger grain size would have higher conductivity than one
with a smaller grain size. However, if the sensitivity of the sensing element would
decrease with increasing grain size, it may be better to fabricate a sensor with low
conductivity but high sensitivity. The current measurements on both the amorphous and
polycrystalline films were performed with a similar set-up to the published sources [36-

39]. However, it was difficult to compare the resistance measured in this work with the
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published results since the surface area as well as the type of the sensor devices were

different.

6.3.2 Sensing mechanism

Although a sensing mechanism was suggested in this thesis according to the available
experimental observations, detailed sensing mechanism remains unknown. In order to
construct a model for the sensing mechanism, both theoretical and experimental aspects
on charge transfer reactions between semiconductor surfaces and adsorbing particles must
be considered [10]. In general, the adsorption of atoms results in a electronic charge
transfer between the adsorbed atoms and the semiconductor and hence a conductivity
change of the solid. The magnitude of the changes are related to the nature of the
adsorbate particles on the surface of the substrate, the properties of the substrate itself, as
well as the type of adsorption reaction between the adsorbate particles and the substrate.
The rate of the adsorption may be influenced by diffusion both in the gas phase and in the
sensing material. The first step in the adsorption reaction is assumed to be the
physisorption between the adsorbed atoms and the substrate. After physisorption, either
desorption or chemisorption (the charge transfer between the substrate and the adsorbate)
may take place. Thus, the response and recovery times of the sensor are determined by
the rate of reaction between the adsorbates and the substrate. In order to study each
reaction separately, it is necessary to carry out the adsorption study in either

thermodynamically or kinetically controlled environment. By varying temperature and
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pressure systematically, adsorption isotherms f(P)r and isobars f(T)p can be measured for
the determination of heats of adsorption. Moreover, the heat of adsorption would depend
on the geometric configuration of the adsorbate as well as the sticking coefficients. The
above adsorption study should be carried out on sensing element of different structures.

These should include: single crystal, polycrystalline, amorphous, thin and thick films.

The gas chamber built in this work can be modified in order to study the sensor response
in detail. The outlet of the gas chamber can be equipped with a mass spectrometer for the
analysis of the gas phase concentrations in order to determine the concentration profile of
the gas species over a period of time. The concentration profile could then be used to
compare to the resistance vs. time profile of the sensor. The rate of the resistance change
may be a function of both the rate of reaction between the absorbates and the sensing
material as well as the diffusion in both the gas and the sensor. The adsorption of the
adsorbate particles and the bulk material could be prolonged if there is diffusion of the
adsorbate into the bulk. In general, the concentration of the adsorbed species was related
to the change of the resistance of a sensor [33, 37, 39]. Ideally, the deflection of the
current at a given bias is linearly related to the concentration of the adsorbate molecules
at sub-monolayer coverage. The dose of NOy injected into the N> containing hose was
calculated to be 1.2 x 10" molecules for 0.1 ppm injection, theoretically, this amount of
NO;, would occupy approximately 4 x 4 mm? area. Therefore, it is assumed that the
coverage of 0.1 ppm NOx on the sensor device is approximately less than one monolayer.

The dose of NOy vs. current change profile in this thesis reflects a Langmuir isotherm,
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presumably, an equilibrium between the adsorbate particles and the substrate has been
achieved [101]. Therefore, the response and recovery time observed in the sensor
operation can be assumed to be due to processes other than the adsorption/desorption of
the gas molecules on the sensor. The asymmetric shape of the observed current-time
profile is consistent with the gas mixing in the chamber [102]. It is assumed that the rate
limiting step in the sensing operation is the gas mixing time for the sensors operated at
their optimised working temperature. The sensors operated at temperatures other than
their optimised working temperature exhibits longer recovery time (see Tables 4.4 and
5.3), therefore, it reflects that the adsorption of gas particles on the sensor plays an
important role on the recovery time. Even though the amount of NOy in the chamber was
calculated to cover approximately less than one monolayer of the sensor surface, the
discussion of the current-concentration profile in terms of a Langmuir isotherm was not
included in the main body of the thesis because it is speculative. In order to confirm this
interpretation, the apparent isotherm must first be compared with one obtained under

equilibrium conditions.

6.3.3 Humidity and selectivity

Preliminary results have been obtained in this work with respect to the influence from

water vapour and other gases, respectively. However, detailed humidity and cross-

sensitivity experiments still need to be carried out. Different chemical reactive species

should be injected into the gas stream with and without NOy at various of concentrations,
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respectively, in order to study the effect of these gases on the sensors. Systematically
varying the humidity content in the gas stream should also be carried out in order to

determine the humidity effect on the sensor devices.

6.3.4 Design and fabricate sensor devices

An ideal chemical sensor should be cheap, selective, sensitive, reproducible and
microelectronic-compatible, however, current sensors on the market are far away from
ideal sensors [103]. Therefore, different types of sensor devices based on tungsten oxides
and/or molybdenum doped tungsten oxides should be fabricated in order to improve the
quality of the sensor. For example, an integrated sensor can be fabricated with a heater
and a temperature sensor on chip to maintain the sensing material at its optimised
working temperature. In addition, since the room temperature photochemical process can
be used to produce different materials efficiently, a sensor arrays can be fabricated with

various sensing elements to monitor various of gases at the same time.
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