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The electron emission characteristics of aluminum, molybdenum and carbon
nanotubes were studied. The experiments were setup to study the emission behavior as a
function of temperature and exposure to oxygen. Changes in the surface work function
as aresult of thermal annealing were monitored with low energy ultra-violet
photoel ectron spectroscopy for flat samples while field emission energy distributions
were used on tip samples. The change in the field emission from fabricated single tips
exposed to oxygen while in operation was measured using simultaneous Fowler-
Nordheim plots and electron energy distributions. From the results a mechanism for the
degradation in the emission was concluded.

Thermal experiments on molybdenum and aluminum showed that these two
materials can be reduced at elevated temperatures, while carbon nanotubes on the other
hand show effects of oxidation. To purely reduce molybdenum atemperature in excess
of 750 °C isrequired. Thistemperature exceeds that alowed by current display device
technology. Aluminum on the other hand shows reduction at a much lower temperature
of at least 125 °C; however, its extreme reactivity towards oxygen containing species
produces re-oxidation. It isbelieved that this reductionis due to the outward diffusion of

aluminum atoms through the oxide. Carbon nanotubes on the other hand show signs of



oxidation as they are heated above 700 °C. In this case the elevated temperatures cause
the opening of the end caps allowing the uptake of water.

Oxygen exposure experiments indicate that degradation in field emission is two-
fold and is ultimately dependent on the emission current at which the tip is operated. At
low emission currents the degradation is exclusively due to oxidation. At high emission
currents ion bombardment results in the degradation of the emitter. In between the two

extremes, molybdenum tips are capable of stable emission.
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CHAPTER 1

INTRODUCTION

1.1 Issues

Field emission arrays (FEAS) have invoked large interest due to their prospective
uses from high speed radio frequency devices to field emission flat panel displays[1,2].
The Spindt deposition process has enabled the production of molybdenum-based field
emission arrays made with micron sized field emitters [3]. Figure 1 shows the
arrangement and fabrication of a Spindt type field emission array [3]. The issue
confronting emission devices is the stability of the emitting surface. Field emissionis
directly affected by both changes in the composition and structure of the emitting surface;
therefore, oxidation and ion bombardment can be a major detriment to afield emitter.
For these reasons people have investigated various emitter materials ranging from metals
to semiconductors [4,5,6,7]. To try and understand the mechanism by which degradation
occurs, emission from different materials in the presence of an oxidizing species would
be of value. Furthermore, to ascertain an even better understanding of the degradation
mechanism, simultaneous energy distributions of the emitted electrons and current
voltage characteristics of emission while under the exposure of an oxidizing species

would need to be acquired.
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Figure 1.1 Electrical schematic and scanning electron micrographs of a
Spindt type molybdenum field emission array.



1.2 Field Emitter Materials and their Properties

The ided field emitting material should have good electrical, mechanical and
chemical properties. The desired electrical properties would be high conduction and low
work function. From the mechanical point, an emitter candidate would require high
toughness and strength, so as to resist ion bombardment. As for the chemical properties
of an emitter, the main criteriais resiliency to oxidation. Most metals meet the first two
criteria; however, are susceptible to oxidation. To try to overcome these issues many
researchers have investigated various metals and their carbon and oxygen complexes.
The addition of carbon to various el ements is known to increase the mechanical
properties of materias (i.e. Fe and Si). For this reason, many have studied the emission
properties of transition metal carbides [5,8]. It has also been observed that some metal
carbides have drastically lower work functions than the parent metal [8]. The emission
from metal oxides has also been investigated [9,10]. Here the objective is to have the
oxide already present so that chemical interaction with any oxygen containing speciesis
eliminated. Unfortunately neither of these two schemes has produced an effective FEA.

Molybdenum (Mo) has been the most commonly studied field emitting materia.
Its high melting point, high strength and low resistivity make it an ideal material.
Molybdenum has a moderate work function of 4.6 eV. Furthermore, its deposition is
easily achieved using standard semiconductor technology. The deposition of Mo has
been accomplished with a high aspect ratio (ratio of base width to tip height) [11].
Unfortunately, Mo is known to oxidize readily in the presence of oxygen forming MoO,

and MoOs3 [12,13,14]. Oxidation of Mo tips has been shown to be responsible for the



instability in Mo FEAs[15]. Therefore, in order for Mo to be used as a field emission
material its oxidation must be limited, if not prevented

Carbon nanotubes have a unique geometry that makes them a favorable field
emitting material. Their tubular structure provides a tip radius on the nanometer scale,
which is far less than the average radius of a Spindt type Mo tip. This extreme sharpness
will result in local field enhancement, thus alower extracting voltage is to be expected.
In addition to the extreme sharpness of nanotubes, the work function may aso enhance
the emission properties. Severa groups have reported a wide range of values
[16,17,18,19] for the work function of carbon nanotubes. These values were determined
by field emission, X-ray photoelectron spectroscopy and ultraviolet photoel ectron
spectroscopy experiments. These reported work functions vary depending on whether the
nanotubes are multi-walled (MWNT) or single-walled nanotubes (SWNT). The range of
work function values for these nanotubes is large (from 1.3-8.2 eV). Moreover, in
addition to their electrical properties, nanotubes also have good mechanical strength as
well as chemical inertness. With all these properties taken into consideration carbon
nanotubes could be a great emitter.

Aluminum is the most abundant metal in the earth’s crust. It has alow melting
point (660 °C) which makes it relatively easy to deposit by evaporation methods. The
work function of polycrystalline auminum is reported as 4.2 eV [20]. It oxidizes readily
when exposed to oxygen; however, its oxide forms a self protective barrier which is
usually about 30 A in thickness. Although pure aluminum is very ductile, its oxide,

alumina (AlLO3), isvery hard. Oxidation of clean aluminum has been reported to lower



the work function below that of the clean metal [21,22,23,24]. The combination of

greater hardness and lower work function would make aluminum well suited for field

emission.
Physical Properties Aluminum Carbon Nanotubes Molybdenum
Melting Point 660.45°C 3802°C 2623°C
Crystal Structure FCC HCP BCC
Electrical 2.709 M\bem 5.1-8x10°MAsem(MW)?® 5.47 m\Vem
Resistance 30-100 MAsem (SW)?°
Work Function 4.28 eV 1.3-8.2eV 4.6 eV
Tensile Strength 11-63 GPa
Hardness (Knoop) 2-2.9
Thermal 2.37 Wxem 1K™ 0.35-2.0 WK 1.38 Wembx?
Conductvity
Common Oxides Al;O,AlLQ;, Al(OH)3 CO, CO, MoO,, M0oO3
DH Cf) (oxide) Al,O(g) =-130 kJ/mol | CO(g) = -110.525 kJ/mol | MoO, =-588.9 kJ/mol
Al,O; =-1675.7 kd/mol | CO,(g) =-393.51 ki/mol | MoO; =-745.1 kd/mol
DG? (oxide) AlL,O(g) =-159 kJ/mol | CO(g) = -137.168 kJ/mol | MoO, =-533 kJ/mol
Al,O3 =-1582.3 kJJmol | CO,(g) =-394.36 kJ/mol | MoO; =-668 kJ/mol

Tablel.1 Physical properties of Aluminum, Carbon Nanotubes and Molybdenum.
Values obtained from the handbook of Chemistry and Physics.

1.3 Measurement of Surface Modification
Since field emission is a dynamic process that is strongly dependent on surface
conditions, both chemical and structural modifications need to be closely monitored. In

Fowler-Nordheim theory [27] of field emission from metals, the plot of In (I/V?) vs 1/V,




where | is emission current and V is the extracting voltage, gives astraight line. This
type of plot is commonly known as a Fowler-Nordheim (FN) plot. The slope of thisline
is proportional to bF ¥, where b is a geometric parameter of tip sharpness and F isthe
surface work function. A change in the dope of the line thus indicate a change in one or
both of these parameters. From this point of view, ion bombardment will affect the
geometrical parameter, b, whereas, surface contamination will affect F. In order to
determine the contribution of these two parameters to the emission stability, they must be
independently measured.

Any chemical or physical interaction with the field emitter tip can drastically
change the emission characteristics. By measuring the current-voltage characteristics and
the energy distribution of field emitted electrons ssmultaneously, the factor responsible
for emission degradation can be ascertained. The field emission energy distributions
(FEED) can be used to directly monitor changes in the work function. In turn, the change
in the work function can be attributed to any change in the slope of the Fowler-Nordheim
plot. Furthermore, if the work function does not vary, but the FN slope does this would
be a direct indication that modification of the tip geometry is taking place. Unfortunately,
FEED does not give direct insight as to the chemical composition of the surface. So to
identify the chemical species responsible for a change in the work function, some other
technique must be employed.

X-ray photoelectron spectroscopy is a surface sensitive technique which can be
used to detect monolayer coverage of contaminants. Each element in the periodic table

has a unique set of electron energy levels, which act as afingerprint. By measuring the



energy required to liberate an electron (binding energy) from any of these levels,
elemental identification is possible. The surrounding environment has a pronounced
affect on the electron energy levels of an atom, thereby causing a shift in the binding
energy. Thischemical shift can be used to identify the chemical makeup of a surface.
Thus compounds of different stoichiometry will display different binding energies, which
allows for chemical characterization. Thistool provides the means for monitoring the
chemical reactions at the tip surface.

Once the chemical species present is known, the work function of the species
can be obtained by photoemission . Here low energy photons are used to gject electrons
from the valence band (ultra- violet photoel ectron spectroscopy, UPS). Ultra-violet (UV)
photons are of sufficient energy to produce valence band emission. By using a
monochromatic source of UV photons, the work function can be obtained through the
Einstein photoel ectric equation:

KE=hn-F eq. 1.1
where KE is the kinetic energy of the photoelectron, m is the energy of the incident
photon and f isthe work function. The kinetic energy of the electrons can be directly
measured using an energy analyzer. UV photons can be provided using a mercury (Hg)
discharge lamp or an argon (Ar) ion laser. Photons from the discharge lamp can be
passed through a monochromator to isolate photons of particular energy. Frequency
doubling of the fundamental line in the Ar laser can produce a monochromatic beam of
photons with 5.41 eV energy. Both sources provide photons with sufficient energy to

produce valence band photoemission from most metals. Once the work function of a



species can be identified by UPS, characterization of FEED curves can be achieved since
both provide a measure of the surface work function.
1.4 Purpose of Investigation

To better understand the mechanism involved in field emission instability, a
precise observation of the surface is required. The intention is to monitor the work
function of the surface and the tip shape when afield emitter is operated in an oxygen
ambient. Thiswill be done by simultaneously measuring the current voltage
characteristics and the energy distribution of field emitted electrons from a clean and
oxidized surface. Furthermore, to determine the affects of operating conditions these
experiments will be preformed with various emission currents. The materials to be

studied are aluminum, carbon nanotubes and molybdenum.
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CHAPTER 2

THEORY OF FIELD AND PHOTOEMISSION

2.1 Introduction

As stated in the previous chapter both compositional and structural changes can
influence the stability of the field emission current. Compositional changes can include
the formation of an oxide or adsorption of molecules, which can affect the surface work
function as well as the conductivity. The major structural effects are the reduction in
emitter tip sharpness or emitting sites due to ion bombardment. Ultra high vacuum
conditions have been shown to increase FEAS lifetimes by three orders of magnitude [1].
However, in display packaging this condition is not possible due to device outgassing.
Under poor vacuum conditions both ion sputtering and oxidation of the tip are likely to
occur, thereby, producing decreased or unstable emission currents. In order to develop a
clear picture of what is taking place at the emitter surface, a concise understanding of the
theory of field emission is essential. In this chapter an overview of the theory of field and
photoemission will be presented
2.2 Theory of Field Emission

Field emission is the tunneling of electrons from the valence band of a metal
surface into vacuum, under the application of a high electric field. To develop the theory

of field emission, we first consider the metal surface in the absence of an dectric field.
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Inside the metal an electron sees a constant potential in accord with the free electron
theory of metals. At OK, an energy which is equal to the work function must be supplied
for an electron to escape into the vacuum level. When the electron leaves the metdl, it
will leave behind an induced positive charge in the metal. From classical electrostatics
this electron will experience an attractive force due to this induced positive charge,
known as the image force. On the vacuum side of the metal- vacuum interface the
potential energy of the electron will be given by:

V(X) = B+ F - é?/4x (eq. 2.1)
where E- isthe Fermi energy of the electron in the metal, F isthe work function and
-€?/4x is the image force [2]. When an electric field is applied, the potentia is further
reduced by an amount -eF,X, thus the potential becomes:

V(X) = B+ F - €/4x — eFox X > X (eq.2.2)
V(X)=0 X <%

where X is the distance from the cathode to the bottom of the conduction band and is
equal to 3.6/(E+F ). Therefore the presence of an electric field reduces the barrier width
by an amount —eF,x which facilitates tunneling, as can be seen in figure 2.1.
2.3 Fowler-Nordheim Equation of Field Emission

Here we will construct a simplified equation describing the electron emission
from a metal surface. The number of electrons impinging on the surface barrier with

normal energy between W and W + dW is given by

.. ¥
N(W.T)dW = 8‘2;"\"’9 Of (E)dE
e
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= (mkgT/2p2% 3)In[1 + exp(-W-Ex/ks T)]dW (eq2.3)
where m is the mass of the electron, kg is the Boltzman constant, 7 is Plank’s constant, W
isthe energy of electrons normal to the surface, B- isthe Fermi energy and T the
temperature.There is a certain probability D(W) that the electrons impinging on the
surface will be transmitted through the surface potential barrier. The current density,

number of electrons emitted per unit area per unit time, is given by:
XFT)=e (‘SN(W, T)D(W)dW (eq. 2.4)

where T is temperature and F is applied field. The genera expression for the emitted

current density is.
XF.T)=e QN(W,T)D(W, Fdw

_ ek T i In{1+exp[-W-E)kgT}dW

"9 1+ ep[QW)]
+ 5In[1+exp(-W- E.)/k,T]dW } (eq. 2.6)

using the fact that D(W,F) is the transmission coefficient for the potential barrier and is
equal to { 1+exp[Q(W)]} 2, and N(W,T) is given by equation 2.3. At sufficiently low
temperatures the term N(W,T) diminishes rapidly for W>E- and the calculated D(W,F)
terms diminishes rapidly for W<E-. Under these conditions the second integral becomes
negligible and the first integral vanishes except in the vicinity of Fermi level [3]. After

evaluation, the resultant expression becomes:
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e’F? pc.k T é 4 m F 20
JF,T) = - expe —c——= n(y. ! 2.7
(D 16p 2nFt?(y.) sn(pc.k,T) p@ 3e8h2 o) F 5 (eq.2.7)

where t(y,) and v(yo) are the Nordheim dlliptic functions, F isthe work function and Fis
the applied field. At very low temperatures pCokgT << 1 eg. 2.7 reducesto

XF) = 1.537 x 10'°F? exp [(-0.683F ¥2/F)v(3.79F2/F )] Alcnt
F 2(3.79F¥2/F)

= A’F? exp [-BF *?/F] (eq. 2.8)
which is the well known Fowler-Nordheim equation of field emission [3].
2.4 Fowler-Nordheim Plot
In order to extract some physical information from the above equation, it must be
expressed in terms of measurable quantities. Since by definition the current density is
expressed as current per unit area, and the field (F) can be expressed in terms of the
applied voltage (V) and a geometrical factor (b) which is defined as the field
enhancement factor, the above equation can be smplified. Thus substituting the

following equations

I =JA (eg. 2.9)
F=bV (eg. 2.10)

Eq. 2.8 can be simplified as
| = aV2exp(-bF ¥/V) (eq. 2.11)

whereaand b are, for practical purposes, constants [4]. By dividing both sides by V? and

taking the logarithm of both sides, equation 2.11 can be written as

In INV?) =Ina- bF ¥v (e0.2.12)
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which has the form of the equetion of aline. If one plots In (1/V?) versus 1/V, one gets a

straight line whose slope is —bF 32

, and intercept isIna. Thistype of plot isknown as a
Fowler-Nordheim plot. A change in the slope of the line indicates either a change in the
work function or in the geometry of the tip. In this manner, it can be seen that the change
in the work function or shape of the tip cannot be independently isolated. However, by
simultaneously measuring the current-voltage characteristic and the total energy
distributions of emitted electrons, these two quantities can be isolated.
2.5 Tota Energy Distributions

Unlike measuring the total current, atotal energy distribution (TED) contains more
information related to the inherent properties of the emitter, as well as, to the basic
tunneling process [5]. Henderson and coworkers were the first to actually measure the
energy distributions of field emitted electrons showing that these electrons do originate
near the Fermi level [6]. Their use of aretarding potential analyzer produced half-widths
in the energy distribution that were too large. Muller and Young re-measured the energy
distributions using a spherical retarding potential analyzer and obtained widths one-third
aswide[7]. Using afree electron gas model,Y oung [8] was able to derive atheoretical
interpretation of the total energy distribution of field emitted electrons, which was in very
good agreement with experimental observations.

The TED is the product of the transmission probability factor and the Fermi-Dirac
distribution function. An elaborate derivation for the emitted electron density will not be

given here, but is derived from eq. 2.4. The net result is that the energy dependence of

the total energy distribution , J(E), is given by
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_ BF aE-E-0 1
XE) = 12 &Xpe i
F7t(w) e d gl+exp(E- E;)kKgT]
with
A ] 1 7 F3/2 ~
B » 158 10° exp g 002X 10 NWF 4
é F 0
and
1/2
% » 1.025 %

with all terms as defined in the previous section. The maximum in the energy

distribution relative to B occurs for

Emax = -keT N0 - 12

and the half-width at T = 0 K is given [2,8]by

DE(0) =dIn2

The shape of the distribution curve of field emitted electronsis that of an

eq. 2.14

eq. 2.15

eq. 2.16

eq. 2.17

eq. 2.18

exponentially modified Gaussian. The shape of the energy distribution is influenced by

the sharply increasing transmission function and the sharply decreasing Fermi-Dirac

function as the energy increases above Er [9]. Several characteristics of TED’s [2]should

be pointed out . The high energy slope is mostly temperature dependent while the low

energy slope is mostly field dependent. These are shown graphically in figures 2.2 and

2.3. At atemperature T* (the inversion temperature) = d/2kg the average number of field

emitted electrons under E- is equal to those coming from over the Fermi level and Bnax =

E-. For T<T*, most of the field emitted €lectrons are under E- and Eqax < Er. For T>T*
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there are more electrons emitted with energy higher than Er and the maximum in the
energy distribution is over the Fermi level. Furthermore the leading edge of the TED is
smeared out not only by thermal effects but by instrumental resolution as well [5].
Regardless of the shape of the energy curve, the inflection point defines the work
function. Thus the energy curve can be used to monitor modifications to the tip surface
due to contaminants.

Field emission energy distributions are an effective way to study the electronic
states of individual atoms or molecules that are absorbed on the emitter surface. They can
also be used for identifying the presence of surface states at energies near 5-[10,11].
Much work has been done on the effects of absorbed atoms as well as the effects of
oxidation on the distribution of emitted electrons[5,12,13 14].

2.6 Photoemission

Photoemission from a solid surface is the gjection of an electron from the solid as
aresult of the interaction of a photon and an atom in the solid. This process, known as
the photoelectric effect, was first described by Einstein [15]. In his description, if a
photon with energy m interacts with an atom, an electron can be gected from the atom
with a specific kinetic energy (KE) defined by

KE=hn-F eq. 2.19
where F (the work function) is the energy required to liberate the electron. From
eguation 2.19, it is evident that any electron whose binding energy is less than the energy
of the photon can be gjected. These gected e ectrons (photoel ectrons) can originate from

either inner core levels or the valence band. Since every atom has its unique set of
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energy levels, photoemission can be used as atool for elemental characterization.
Photoemission can be used to resolve features of the band structure as well asto
examine contamination of the surface. To better understand how these types of
information are observed in photoemission, band diagrams are helpful. Figure 2.4 shows
the band diagrams of a metal and semiconductor. In solids the energy levels of individua
atoms mix forming energy bands. The terms describing these energy bands are as follow.
The highest occupied band is the valence band, where (Ey) is the maximum energy level
of thisband. The lowest unoccupied band is the conduction band, where (Ec) is the
minimum energy level of this band. The separation between the valence and conduction
band is the energy gap (E;). The energy level of afree electron with zero kinetic energy is
the vacuum leved (Eyac). The Fermi level (Er) is the energy of the least bound electrons in

the solid at absolute zero temperature. The work function (f ) is the difference between

the vacuum level and the Fermi level. Finally, the electron affinity (c) is the separation
between Ec and E, 4, and can have a positive or negative value depending on the position
of the vacumm level relative to the conduction band minimum. All of these can influence
the valence band photoemission spectra.

For a clean metal, the valence band maximum and the conduction band minimum
coincide. The Fermi level for a clean metal is located at the top of the valence band.
The work function for a clean metal then is merely a measure of the Fermi level relative

to the vacuum level. The work functions of most materials fall in the range of 3-5¢eV.

21



For semiconductors the term threshold energy is more commonly used. The threshold
energy is the minimum photon energy required to excite an electron from the highest
occupied energy level into the vacuum level. In semiconductors, the highest occupied
level is the vacuum level, which is not necessarily the Fermi level as can be seen in figure
2.4. Thethreshold energy (Er) isthus defined as:
Er=c+E eg. 2.21

For a doped semiconductor, the Fermi level position can be near the valence edge for a p-
type semiconductor and near the conduction edge for a n-type semiconductor. Whether it
lies above or below depends on the degree of doping. In either case an additional term x
must be added to the threshold energy.

Er=c+E+Xx €g. 2.22
For heavily doped p-type semiconductors the Fermi level lies below the valence edge and
Xp 1S positive, whereas, for heavily doped n-type semiconductors the Fermi level lies
above the conduction edge and takes on a negative value. It is evident that the evaluation
of the work function from photoemission is straight- forward for a metal or conductor in
comparison to semiconductors, in which the width of the band gap and the degree of

doping affect the photoemission characteristics.
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CHAPTER 3

INSTRUMENTATION AND TECHNIQUES

3.1 Introduction

In this chapter a thorough description of the instrumentation used for the
investigation of the emission characteristics of aluminum, molybdenum and carbon
nanotubes will be presented. After fabrication of tips or flat samples, they were imaged
under a scanning electron microscope (SEM). X-ray diffraction (XRD) was done on flat
samples to determine the predominant crystal faces. The emission studies were donein
two independent chambers. The fird chamber was used to measure the field emission
energy distributions (FEED) spectraand I-V curves from single tip emitters. The second
chamber was used to measure the photoemitted electrons from both tips and flat samples.
Both FEED spectra and photoemission spectra allowed the direct measurement of the
work function for the materials in question.

Field emission experiments provided 1-V curves and energy distributions. FEED
spectra were obtained from single tips in a gated diode configuration. The distribution
curves were obtained at a particular emission current of interest. The emitted electrons
were focused and analyzed with a smulated spherical energy analyzer [1]. |-V curves
were obtained by sweeping the extracting anode voltage while measuring the emission

current at the tip. Emission experiments were conducted under oxygen exposure at

25



various emission currents. The resultant Fowler-Nordheim (FN) plots and energy
distributions were then used to extract information on the emission behavior, i.e. change
in work function or tip shape.

Photoemission experiments consisted of X-ray photoel ectron spectroscopy (XPS)
and ultra- violet photoelectron spectroscopy (UPS). XPS was used to characterize the
chemical composition of the surface as a function of tip processing and thermal
treatments. UPS was used to independently measure the work function as a function of
absorbed species and thermal treatments. Both sets of spectrawere obtainedinaVG
Scientific ESCA lab MK 11 photoel ectron spectrometer (VG Scientific LTD, West
Sussex, England, www.thermo.com). A dua Al-Mg anode was used as a source of X-
rays with characteristic energies of 1486.6 (Al) and 1248.8 (Mg) for XPS. The excitation
source for UPS was a Coherent Innovaa 90C FreDa Argon ion laser (Coherent Inc.,
Santa Clara, CA, www.cohr.com) equipped with a frequency doubling crystal. This laser
can provide multiple single lines of emission. The possible lines that could be obtained
are 488, 458, 351, 244 and 229nm. For this study the 229nm line was used, whose
corresponding energy is 5.41eV, an energy sufficient to probe most work functions. XPS
is thus used to monitor the chemical species present, and UPS determines the
corresponding work functions, which in turn, can be used to corroborate field emission
data

In addition both chambers had the capability of thermal heat treatment. In the
FEED chamber this was accomplished by passing current through a tungsten filament to

which the emitter was spot welded. The resistive heating was monitored by a
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Alumel/Chromel (NiCr/NiAl) type K thermal couple spot-welded onto the filament. The
VG chamber consisted of a processing chamber located between the introduction
chamber and the main analysis chamber. A gate valve is located on each side of
thisprocessing chamber so as to isolate it from the other two chambers. The specimen
heater probe is located in this processing chamber and has the ability to anneal the sample
up to 900 °C. It consists of a stainless steel block in which the sample peg rests. The
block is resistively heated via a nichrome wire. The probe contains an electronic
thermometer which allows temperatures in the range —200 °C to +1200 °C to be
measured with a Chromel/Alumel thermocouple [2]. Heating can provide a means of
phase transformation and surface cleansing via desorption of gases, both of which are of
interest in this study.

To monitor the gaseous species desorbed from the surface during heating both
chambers had aresidual gas analyzer (RGA) mounted onto them. The RGA and
corresponding software was a commercially purchased RGA from Stanford Research
Systems (Stanford Research Systems, Sunnyvale, CA, www.directindustry.com) [3]. The
software allows various modes of operation. Only two of the modes were used in this
research. In one mode the pressure is tracked as a function of the atomic mass of the
gaseous species. In the other mode the pressure is monitored as a function of time for
defined species. In this mode, the RGA allows continuos tracking of up to 10 species at
any particular time. The first mode offers the advantage of detecting desorbed species
when it is unknown what exactly will desorb from the sample. In either case, residual gas

anaysis alows the study of adsorption and desorption processes.
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3.2 Sample Preparation

All flat samples were prepared on Mo foil. The Mo foil purchased from Alfa
Aesar was of 99.95% purity (metal basis) and 0.1 mm (0.004 in) thick. The foils were cut
into 1cm x 1cm pieces. Aluminum flat samples were made by tightly wrapping Al wire
around the Mo foil. The Al wire used was also purchased from Alfa Aesar. The
diameter of the wire was 0.5mm (0.02in) and was 99.9998% (metal basis). Nanotube
samples were prepared by pressing SWNT mats onto the Mo sheet. Tubes were
purchased from two sources. The first set were acquired from Materials and
Electrochemical Research Corporation (MER corporation, Tuscon, AZ,
www.mercorp.com) and the second set were acquired from Tubes at Rice (Carbon
Nanotechnologies I nc., Houston, TX, www.cnanotech.com).

Emitter tips were fabricated either by chemical or electrochemical etching.
Molybdenum tips were formed from Mo wire 0.5mm diameter (0.02in) and 99.98%
(metal basis). Wire strips of 2-3” were cut and electrochemically etched in an 8% wit.
NaOH aqueous solution. The Mo wire was positively biased with +10V, while —10V was
applied to a stainless steal rod. After etching the tips were immersed in a HF solution to
remove any oxide formed from the hydroxide solution. Aluminum tips were formed by
chemical etching in a 25% HNO3, 15% HF agueous solution. Again tips were submerged
in HF solution to remove any thick oxide formation. Nanotube tips were made by
pressing the nanotubes onto a Mo tip. All tips were viewed under the SEM to examine

coverage and sharpness.
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+ HNO,+ HF + H ,0

Figure 3.2 Apparatus for tip etching. Mo tips are electrochemically etched in a glass
beaker containing a NaOH solution. Al tips are chemically etched in aplastic container
containing an aqueous solution of nitric and hydrofluoric acids.

3.3 Scanning Electron Microscopy

In order to observe the degree of sharpness and coverage, a JEOL model IMS- T300
Scanning Electron Microscope (JEOL USA Inc., Peabody MA, www.jeol.com) was used.
The microscope is composed of five parts: an electron source, afocusing column, a
sample stage, a detector and an imaging control unit. The system is evacuated to an
operating pressure of 10 Pa by a 420 L/sec oil diffusion pump containing a water-cooled
baffle and a 100 L/min oil rotary pump. The electron source is a hairpin tungsten
filament, which produces electrons by thermionic emission. A high voltage anode (5-25

kV) then accelerates these electrons into a dual section-focusing column composed of
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magnetic lenses. The electrons are focused onto the sample stage with a diameter of less
than amicron. The electrons incident on the sample produce a substantial amount of
secondary electrons, which are collected at a positively biased detector. The detector is
composed of a scintillator and a photomultiplier tube. The secondary electrons impinge
on the scintillator producing photons which are proportional to the number of electrons
striking the scintillator. The photons pass through a photomultplier tube generating an
electrical signal proportional to the number of photons. The signal isreceived at the
physical imaging unit containing two cathode ray tube (CRT) screens. One CRT screen
is comprised of along-lived phosphorescent screen used for direct viewing. The other
CRT is comprised of a short-lived phosphorescent screen used for taking micrographs
with Polaroid film. Images are obtained by varying the brightness, contrast and
stigmation cortrol knobs on the imaging unit.

Tips and flat samples were |loaded onto a holder where they are held in place with
conductive double-sided adhesive carbon tape. The system was vented to air and
samples were loaded. After pumping down to the operating pressure the accelerating
voltage was applied (15 or 20 kV for samples examined in this study). The filament
current was increased to 0.4A, the current required to obtain an image. The brightness,
contrast, magnifaction and stigmation were adjusted until a high quality image was
achieved. Images were captured on Polaroid #55 film with exposure times of 60 and 90

seconds.
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Figure 3.3 JEOL model IMS-T300 Scanning Electron Microscope. The microscope was
used to inspect the quality of tip etching.
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3.4. Photoelectron Spectroscopy

The experimental system used for photoelectron studies was a VG ESCA lab
MKII spectrometer. The system is a commercia stainless steel ultra high vacuum
chamber intended for surface analysis. The system is shown in figure 4 and consists of a
three chamber apparatus. The first chamber, an introduction chamber, isisolated by a
load lock valve and can be brought up to atmospheric pressure to introduce the sample. It
isindividually pumped by a 150L/s turbomolecular pump. The second chamber isa 6”
diameter spherical six-way cross, which is used as a processing chamber. It is comprised
of 5 4” portsand 9-2%" ports. Attached is atemperature heating probe and a SRS 300
AMU RGA unit. A 360 L/s turbomolecular pump and a titanium sublimation pump, both
of which are separately attached to a 4-way cross, pump the chamber. The chamber is
located between the introduction chamber and the main analysis chamber and is isolated
by two gate valves situated on both side of the chamber.

The analysis chamber is large spherical chamber of approximately 300mm
diameter. The system is equipped with two imaging sources, four electron excitation
sources, an Argon ion sputter gun and a 200 AMU RGA unit. The systemisheld at a
base pressure of 1x10°® torr or better by a combination of a450 L/s Varian lon Pump and
aVarian tri-filament Titanium Sublimation Pump with liquid nitrogen cold trap. Once a
sample is introduced, it is transported into the analysis chamber by two linear motion
transfer arms and two wobble sticks. The sample is placed on a holding stage located in
the center of the chamber and positioned by a XY Z and theta manipulator. A CCD

camera is used to position the sample at the focusing center. The chamber is also fitted
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with an SEM allowing imaging of micron size areas. Once the sampleisfinely
positioned, it can be irradiated by a number of excitation sources. A LEG 200 electron
gun can supply 10 kV electrons which can be used for SEM imaging or Auger
spectroscopy. A retractable Al/Mg dual anode operated at 15 kV provides X-rays for
XPS analysis. A Specs Helium (He) plasma discharge source (SPECS Scientific
Instruments, Inc., Sarasota, FL, www.specs.com) can provide UV photons of 21.2eV (He
I) or 40.2eV (He Il) energy. These sources are maintained in a UHV environment to
reduce contamination of the elements (detectors, electron filaments, etc..). For low
energy photons a Coherent Ar ion laser located externally to the UHV chamber is used.
The laser rests on an aluminum table located above and behind the spectrometer. The
laser beam is deflected through a fused silica window port by two mirrors positioned on
gimbal mounts. All sources are oriented toward the center of the chamber and can be
used for photo-excitation. Data acquisition is accomplished with HP-VEE graphics
software from a Pentium PC. The VEE program records the datain an ASCII format and
controls all voltages to the various e ements in the analyzer of the spectrometer.

The main component of the photoelectron spectrometer is the energy analyzer,
which is the large dome in figure 3.4. The analyzer of the VG system is a 152.5mm
radius hemispherical analyzer. A schematic representation is shown in figure 3.5. The
analyzer acts as a narrow pass filter allowing only electrons with an energy E = HV,
where V isthe potential difference between the inner and outer hemispheresand H isa
constant determined by the physical measurements of the analyzer, to be deflected

through to the detector [2]. Electrons are transmitted from a grounded sample to the



Figure3.4 A VG Scientific ESCA lab MK |1 photoelectron spectrometer equipped with
electron gun, Ar ion sputter gun, RGA, UV lamp and X-ray source. The system was used
to measure the work functions as a function of surface composition.
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analyzer by electrostatic lens. Prior to entering the analyzer, the electrons are retarded in
energy by an amount R, which is the center point of the analyzer and is determined by the
pass energy. The analyzer maybe operated in either of two modes, the constant analyzer
energy (CAE) mode or the constant retard ratio (CRR) mode. In the CAE mode, HV is
constant during a spectral run. In the CRR mode the ratio of the kinetic to the pass
energy is constant. As with any analyzer there is afinite resolution to the spectrometer.
The resolution (DE) of the analyzer is given by the following equation

DE Dr

2
— + a“ = constant €qg. 3.2
E 2R,

where Ry is the mean radius of the hemispheres, Dr is the dit width of both entrance and
exit dits, a isthe half angle of admission of electrons and E is the full width at half
maximum (FWHM) of the recorded peak. Inthe CAE mode DE is fixed and E is the pass
energy setting, while in the CRR mode E is not constant and increases with increasing
Kinetic energy.
3.4.1 X-ray Photoelectron Spectroscopy

XPSisone of the most commonly used surface science technigques due to its ability
to probe only 10-100A of the surface [4]. Because it uses low energy X-rays, it provides
a non-destructive means of both elemental and chemical analysis. X-rays are generated
from adua Al/Mg anode and impinge on the sample surface. These X-rays interact with

the atoms of the solid and cause the emission of electrons via the photoel ectric effect.

36



outer hemisphere

slit Inner hemisphere © slit

| | | Retard plate | ]

| | | I,\ | g

| | | | « Einsel lens

| | | r’d Channeltron
detector

Figure 3.5 Simulated schematic of the VG hemispherical energy analyzer. Here R;,R,
and R, are the radii of the inner sphere, the beam path and outer sphere.

The kinetic energy of the emitted photoelectrons is given by
Exinetic = N - Epinding eg. 31
where hn is the energy of the photon and Binding IS the binding energy of the electron.

The non-radiative Auger process also emits electrons. In the Auger process an electron
from a higher energy level descends into the vacant core level and imparts energy to a

higher energy electron, which is then emitted (the Auger electron). Unlike the
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photoelectron, the kinetic energy of Auger electron is independent of the photon energy.
The emitted electrons are energetically characterized with an electrostatic deflection
energy analyzer composed of two concentric hemispherical plates.

The emission spectra are displayed as a plot of the intensity of electrons emitted
versus the electron binding energy. The most intense photoel ectron lines are usually
relatively symmetric and are typically the narrowest lines observed in the spectra [5].
Pure metals can exhibit asymmetric photoelectron lines due to coupling with conduction
electrons. Auger lines are groups of lines that are typically broader and asymmetric. The
width of all linesin the spectrais the direct contribution of the natural line width of the
element, the line width of the X-ray and the instrumental resolution. The chemical
environment has a direct influence on the position of the spectral lines. Chemical shifts
can be on the order of afew tenths of avolt to severa volts. The shape and position of
gpectral lines provide information of the chemical composition.

All XPS spectra were obtained under the CAE mode. Both the Al and Mg anodes
were used as excitation sources, depending on the sample. The pass energy was varied
depending on the type of scan. Two types of scans were performed for al samples. First
asurvey scan was run in order to obtain information as to al possible contaminants
present. Survey scans were obtained with pass energy of 10eV, corresponding to a
resolution of 0.8eV, and an energy step of 0.5eV. The other type of scan was alocal
region scan concentrated on the highest intensity elemental peak of interest. For these
scans an energy step of 0.1eV and a pass energy of 5eV (0.4eV resolution) were used.

Energy calibration of the XPS system was done by using a silver sample and calibrating
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with respect to the position of the Ag 3d peak. This procedure was used prior to and after
heating of the sample in order to determine oxidation-reduction properties and their
effects on the work functions.

3.4.2 Ultraviolet Photoel ectron Spectroscopy

The principles of UPS are the same as XPS with the only difference being that
only valence electrons can be emitted in UPS because lower energy photons are used.
Since only the valence electrons are excited UPS provides a direct method of measuring
the work functions of the material provided that it is lower than the photon energy. It can
aso be used to identify surface states within the band gap, as well as, direct and indirect
emission processes [6,7]. Direct and indirect processes are observed by varying the
energy of the UV photon. For adirect transition the kinetic energy of the emitted
electron will shift by an amount equal to the change in photon energy. On the other hand,
for an indirect process the kinetic energy of the emitted electron will not change when the
photon energy is varied. In this study UPS was used to corroborate the work function
measured by field emission and to measure the change in the work function as a function
of annealing.

UPS spectroscopy was aso accomplished in the VG spectrometer with a dight
modification to provide better resolution. The conventional 362 power supply unit of the
VG spectrometer was found to have an inherent 200mV noise ripple due to the vacuum
electronicsinside it. An external low energy power supply unit was built to replace the
commercial VG power supply unit. The unit was driven with a 16 bit DAC from a HP

75000 mainframe that has an output of 0-10 volts. The low energy system has an
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effective gain of 3 thereby transforming the 0-10 voltsto 0-30 volts. A dual low bias
current precision Op amp (type Op-297) serves as the input stage. A differential
amplifier configuration is used to minimize ground loops and a unity gain amplifier is
used for proper signal phasing. A high voltage FET-input Op amp accomplishes the
voltage gain of 3, which serves to provide the signal for the output amplifiers. A series of
paralel resistors are configured such that the inner and outer hemispheres, along with the
analyzer plate, have the correct ratio of output voltages. A Pa-85 high voltage amp is
used as the lens output amplifier and is configured by a set of resistors to have a gain of
+6.12. Thislow energy system provides higher resolution measurement of electrons with
0-30eV of kinetic energy.

The ultraviolet source for UPS was an Innovaa 90C FreDa lon Laser (figure 6).
The laser can be operated with either of two types of wavelength selectors, one a multi-
line the other asingle line [8]. The laser itsalf is comprised of essentially four
components: a laser head, a power supply, a water-cooling system and a hand held
controller. Inthe laser head the active medium is a plasma of ionized gas contained in a
low pressure tube. Passing a DC current through the gas inside the tube produces
stimulated emission. The plasmatube is positioned inside an optical cavity consisting of
two didectrically coated laser mirrors. The laser in whole uses a four- mirror cavity in
which two end mirrors are located at the front and rear ends of the head. The other two
mirrors are folding mirrors used to focus the beam on a beta-barium borate (BBO)
crystal. The crystal has very low absorption for fundamental wavelengths in the visible

and near-infrared spectrum, arelatively high nonlinear coefficient and is transparent
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down to 200nm. The crystal itself allows second harmonic generation (SHG) of the
fundamental wavelength. In the SHG mode the fundamental wavelength generates in the
BBO crystal anontlinear polarization, which radiates at twice the frequency of the
fundamental, yet maintaining the same phase relationship. It isthis frequency doubling
which permits the obtainment of the 229nm line.

Electrical power drawn from a 3-phase power line is conditioned by the power
supply and used to operate the plasmatube. The power supply uses a 3-phase rectifier
and LC filter to provide DC current for the tube and magnet used to confine the plasma.
In order to minimize the optical noise on the output beam a linear passbank regulates the
current. The laser system is controlled by firmware located on the control board inside
the power supply, which is accessed by either aremote control module or a RS-232c
interface. The compact remote control module features push-button control of al
operating parameters. The status and operations are displayed on a 2-line, 16 character
LCD.

UPS was performed on wire tips as well as flat samples which were also subjected
to annealing. All spectra were obtained using the 229nm (5.41eV) line from the Ar*
Laser. Sampleswere grounded and run with pass energy of 0.25eV (20meV resolution).
UPS spectra are Gaussian in shape and are fitted with the Peakfit program [9] to identify
the individual peak positions. All samples were heated to various temperatures to either
remove absorbed species or observe oxidation-reduction reactions. The effect of these

two phenomena on the measured work function was monitored with UPS. The UPS data
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Figure 3. 6 Innova 90C FreD lon Laser used for low energy UPS. Laser head (top) and
gimbal mounted mirrors (bottom) provide 229 nm photons to be reflected through a
sapphire window port located on the back of the VG spectrometer.
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were then used to corroborate field emission studies in which similar experiments were

preformed.

3.5 Field Emission Spectroscopy and Fowler-Nordheim Plots

Field emission was used to determine the effects of oxygen exposure and thermal
annealing on the emission characteristics of emitter tips. The current-voltage
measurements and energy distributions were measured in situ. By monitoring these
simultaneously, any degradation could be attributed to either a change in the work
function or geometry of the tip.
Field emission experiments were conducted in the stainless steel chamber depicted in
figure 3.7. The chamber itself isan 8" conflat 4-way cross with two additional 2 3/4”
ports located 180° relative to each other and 90° relative to the four 8” ports. A 360
L/s turbo pump and a 300 L/s Varian Starcell ion pump located opposite to each other
pump the system. The turbo pump is isolated from the cross by an 8” right angle gate
valve. In addition, a sapphire sealed variable leak valve attached to the cross allows the
introduction of gases for dosing experiments. Typical base pressure of the systemis~ 1
x 10°° torr as measured by a glass encapsulated ion gauge. A SRS 200 AMU RGA is
used to measure the partial pressure of residual gases. Finaly the two major components
of the system are a motor driven manipulator and a ssmulated spherical energy analyzer
located opposite to each other.
The manipulator is a Huntington MPM-600-RM. It isahigh precision XY Z and Theta
motor driven UHV manipulator with a maximum position resolution of 2 microns. It

isattached to the camber viaa 6” conflat flange. Six MHV feedthroughs located
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Figure 3.7 Field emission chamber. Both FEED and I-V measurements of tips are
measured in this system. Huntington manipulator is located on top of the 4-way cross,
while the energy analyzer is mounted on the bottom of the cross.



on the flange provide electrical contact to thetips. Up to four tips may be loaded at any
particular time. A set of four stepper motors are used to position the tips, each is

controlled by RS-232 serial ASCII commands that are typed into a hand held unit.

A view port located in the front of the system allows the tip to be coarsely
positioned over the anode. Another view port is located at the bottom of the UHV cross
where alaser is positioned. The laser beam passes through the view port, through an
opening in the energy analyzer and lens system and finally through a probe hole in the
anode. The laser illuminates the emitter tip when it positioned directly over the probe
hole. Once over the hole an initial distribution is obtained to aid in the fine positioning of
the tip. The extraction voltage is fixed and the energy analyzer is set at a particular
energy corresponding to the center of the distribution. Thetip isfinely positioned by
moving the tip until the detected signal is maximized and the emission current is
optimized. The field emitted electrons can then be analyzed by the analyzer.

The analyzer system consists of an extraction aperture, a collimated lens system
and a simulated hemispherical energy analyzer. The analyzer is mounted to the bottom
of the cross. All parts are made of oxygen free (OFHC) copper and are supported on a
ground mounting plate which is connected to a 6" conflat flange by four threaded rods.
The plate has two openings that are aligned with the entrance and exit apertures of the
energy analyzer. The extraction aperture isasmall 0.012" hole located in the center of
the anode. The electrons that pass through the hole are then focused by a set of four
collimated electrostatic lenses. The diameter of the lenses decrease from the anode to the

analyzer entrance so as to minimize inelastic interaction of the electrons with the surface
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of the lenses as well as provide good focusing and throughput [10]. The extraction anode
and lens system are located above the mounting plate while the analyzer is located below.
The energy analyzer is a ssmulated 180° spherical spectrometer as reported by
Jost in 1979 [11]. It is composed of a base plate containing both entrance and exit dits, a
cylindrically shaped inner and outer electrode that are made from wire mesh ard are
supported by two half disk plates, and lastly two half disk auxiliary electrodes located
between the inner and outer electrodes. The dimensions of al parts can be found
elsewhere[1]. By applying the correct voltages to the auxiliary electrodes, relative to the
inner and outer electrodes, the electric fields of atrue hemispherical analyzer are
replicated. Jost defined a parameter, p, which isaratio of the voltage difference on the

anayzers electrodes.

(Vaux B Vouter)

eg. 3.2
(Vinner - Vouter )

p:

If p= 0.4, the electric fields in the analyzer imitate that of a hemispherical analyzer with
the field falling off as 1/r>. On the other hand, if p = 0.76 acylindrical analyzer is
imitated with the field falling as 1/r. From equation 3.2 with p = 0.4, rearrangement gives
Vax = 0.4(DV) + Vouter eq 3.3
Where DV = Vinner — Vouter and is greater than zero for negative charge energy anaysis
since the inner electrode is more positively biased. The correct biased is accomplished
when DV is 40% above the outer sphere voltage and 60% below the inner sphere voltage.

For this particular analyzer the base plate (retarding plate) is at the same potential as the
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auxiliary plates. The following equations derived by Kuyatt and Simpson [12] determine

this situation.
DV =V, (& - ﬁ) - DV = Vo(1.0) eq. 3.4
R R
Vinner = V0[3— 2(R0/R]_)] , Vinner = O4V0 a] 35
Vouter = V0[3_ 2(R0/R2)] ; Vouter = 1.4V0 a]. 3.6

Here DV isthe potential difference between the inner and outer spheres, V, isthe kinetic
energy of the electrons traveling through the analyzer, and Ry, Ry, R, are the respective
radii of the inner sphere, beam path and outer sphere. In the particular case of measuring
electrons from a source of zero voltage reference, V, is also the potential placed on the
base plate (VRr). Substituting the above equations for Vinner and Vouter iNto equation 3.2
the following is obtained.

Vax = Vo = VR eq. 3.7
Kuyatt and Simpson have calculated the energy resolution and determined it to be aratio
between the diameters of the entrance and exit dlits and the beam path (2R,). Therefore

the resolution for our spectrometer is

= == eq38

where DE is the full widthhalf maximum (FWHM) of the energy distribution and E is
the pass energy. Energy spectrawere obtained in the CAE mode as described in the

previous section on photoel ectron spectroscopy.
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Figure 3.8 Configuration of the data acquisition system of the FEED chamber. The PC
software allows the anode voltage to be stepped and the retard voltage on the base plate
to be sweep by interfacing with a CAMAC crate.

48



The data acquisition configuration is shown in figure 3.8. It consists of a PC with
HP-VEE graphics software, a CAMAC crate and a Keithly 486 picoammeter. The crate
and the picoammeter are connected by a GPIB interface. The picoammeter is connected
between the emitter tip and a power supply, which places a—90V on the tip; thus, the
emission current is read from the tip. The CAMAC crate sends out two DAC voltages to
power supplies, which step the voltages on the anode and base plate. One DAC voltage
goesto an Ortec 3 kV power supply that provides the anode voltage, the other DAC
voltage goesto a 100V power supply that steps the base plate so as to scan the electron
energies. The electrons passing through the analyzer are detected by a set of channel
plate detectors, and their pulse is received at the CAMAC crate.

Energy distributions (FEED) were obtained prior to |-V curvesto avoid any
desorption or sputtering effects of high emission currents associated with the higher
anode voltages of the I-V sweeps. The distributions were acquired by setting the anode
voltage to afixed value so that a particular current (usually 1nA or less) is maintained.
The pass energy is set at 5 eV and the energy is scanned from 80-90 eV (kinetic energy)
at astepof 0.1 eV. Thesigna is counted for 1 second at each energy step of a scan and
the energy spectra usually consists of 5 scans depending on the signal to noiseratio. |-V
curves were obtained after FEEDs . In this case the analyzer is held constant (not swept)
while the anode voltage is stepped over arange of voltages. The measured emission
current at each particular voltage during a sweep is the averaged value of three data
points. The resultant I-V curve is the compilation of 5 individual sweeps; therefore, each

point on the I-V curvesis actualy an average of 15 data points. This procedure was
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followed after exposing tips to oxygen and heating to monitor the changes occurring at

the tip surface.
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CHAPTER 4

EMISSION CHARACTERISTICS OF MOLYBDENUM

4.1 Introduction

In this chapter the experimental results of both field and photoemission from
molybdenum (Mo) surfaces will be presented. X-ray diffraction (XRD) and X-ray
photoel ectron spectroscopy (XPS) were used to examine the resultant structure and
chemical composition of Mo surfaces after the etch process. Both ultra-violet
photoel ectron spectroscopy (UPS) and field emission electron spectroscopy (FEES) were
used to measure the work functions of Mo and its oxides. XPS and UPS monitored
changes in the composition and work functions of the Mo surface during thermal
annealing. Field emission energy spectroscopy was used to examine any variation in the
field emission properties as aresult of annealing and exposures to oxygen. The effect of
oxygen exposure on Mo field emitter tips was the main emphasis of this work.
4.2 Sample Preparation and Characterization

Flat samples were made by cutting a 1cnf square of 0.1mm (0.004in) thick Mo foil
which was 99.95% Mo. The 1cnf Mo foil was then subjected to the similar etching
condition of Mo tips. The foil was biased with +10V while submerged in the tip etching
solution for a period of 1 minute in order to form any oxides that may form on tips when

etched. XRD, XPS and UPS were used to characterize these samples. Mo tips were
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made from 0.5mm (0.02in) diameter wire etched in an 8% by weight NaOH or KOH
aqueous solution as described in chapter 3. After etching was complete the tip was rinsed
with distilled water followed by a HF rinse. Tips were viewed under SEM to observe the
degree and quality of etching. Tips used for field emission were the spot welded onto a
tungsten filament as described in chapter 3. Tips on which XPS was preformed were
mounted upright on a standard VG sample peg in which a small hole was bored down the
center. Tips were heated on the VG heater stage and changes in the chemical
composition were monitored by XPS.

In general, tips formed with NaOH were etched more rapidly than those with KOH.
However, those etched in NaOH were more oxidized than those in KOH as was indicated
by shifting in the field emission energy distribution (FEED) spectrato higher binding
energies. This can be explained by the greater ionic strength(conductivity) of the KOH
solution, which facilitates ion migration through solution. For this reason only tips
etched with NaOH were used for field emission experiments. As stated previoudly, tips
were viewed under an SEM to determined the quality and degree of etching. The
sharpness of tips varied from tenths of a micron to hundredths of microns, but only those
with sharpness of a micron or less were used in field emission experiments. The degree
of oxidation could be observed in the smoothness of the tip as well as in the color of the
tip after etching. Tips that were heavily oxidized visibly appeared black and showed
gpalling or cracking in the SEM, where large platelets of oxide were highly visible as can
be seenin figure 1. Similar morphology has been observed on Mo tips coated with

iridium oxide, in which Ir isfirst deposited and then thermally oxidized at elevated

52



temperatures [1]. Regardless of the smoothness, all tips showed signs of oxidation in

FEED and XPS spectra due to Mo reactivity to atmospheric oxygen.

Figure4.1 SEM micrographs of etched molybdenum tips: a) smooth tip with
little oxidation b) heavily oxidized tip and c) a sharp tip.

XRD was performed on two individual pieces of Mo foil as shown in figure 4.2.
One of the pieces was plain Mo foil as purchased, while the other piece was foil that had
been processed in a similar manner to etched tips. It is evident that the peaks at 2q values
of 11.75°, 12.35°, 58.8°, 73.8° and 116.1° are present in both spectra. From PDF file #
42-1120 of the XRD database, the peaks at 58.8°, 73.8° and 116.1° correspond to the (2 0
0),(211) and (22 2) planesof Mo. The peaksat 11.75° and 12.35° are more difficult to

assign since no database files with 2q values below 20° exist for Mo. Several database
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files for the oxides of Mo existed which contained values in close proximity to these
values. In addition, these peaks show a dight increase in their intensity when the foil is
subjected to etching conditions. For these reasonsit is believed that these two peaks
correspond to oxides of Mo, possibly MoO, and/or MoOs. Another feature that is evident
is the appearance and disappearance of several peaks when the foil is processed. Three
new peaks arise due to the etch process. The peaks at 19.55° and 20.9° are attributed to
the (2 0 0) and (10 4 0) planes of M0Os, while the peak at 18.85° isaresult of the (-1 0 1)
plane of M0oO,. The peaks at 40.75°, 101.6° and 132.8° associated with the (1 1 0), (31
0) and (3 2 1) planes of Mo vanish as aresult of the processing. Thisis explained by the
fact that they are of low intensity and thus the formation of a oxide layer (1-10um) causes
the signal to be masked. The formation of athin oxide is also supported by the fact that
the three new peaks are also of low intensity. This low intensity however makes the
identification of the contributing oxide somewhat difficult. To properly classify the
oxide present a more sensitive technique is required.

Since XPS is a more surface sensitive technique it can be used to detect the
presence of athin oxide layer. In addition to the detection of an oxide layer, it can
provide a direct identification of the type of oxide present. The interaction of oxygen
with Mo will cause a change in the oxidation-state of Mo. This change in the oxidation
state causes the photoel ectrons from the Mo 3d state to be shifted to higher binding
energy due to reconfiguration of the electron energy levels within the atom. By
measuring the position of the Mo 3d peak, the composition of any oxide present can be

evaluated. For these reasons, XPS was performed on both tip and flat samples.
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Figure4.2 XRD pattern of as purchased Mo foil and Mo foil processed in
NaOH etching solution.

The XPS spectra of the Mo 3d peak for Mo foilsis shown in Figure 4.3. The

Mo 3d peak consists of adoublet as aresult of spin orbit coupling. The doublet

peaks are assigned to the Mo 3ds/2 and the Mo 3ds), states. According to the handbook of
X-ray photoelectron spectroscopy [2], approximately 3eV splits the doublet, and the
corresponding binding energies of Mo, MoO, and MoOs are 227.7, 229.3 and 232.7¢eV.
It is clearly evident that the spectrum of the two foils consists of three peaks. Inthe

spectra of the non-processed foil the peak centers are located at binding energies of
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228, 232.6 and 236eV. The peak at 228eV is attributed to 3ds» of Moand that at 236eV
is from the 3ds» of MoOs. The peak at 232.6eV is a combination of the Mo 3ds/, and the
MoOj3 3ds2. The processed foil has its peaks located at binding energies of 230.8, 232.8,
234 and 236eV. The low energy peak is due to the 3ds;, of MoO,, while the high energy
peak is from the 3ds;> M0Os. The center peak is a combination of the MoO, 3dz, and the

MoOs3 3d5/2.

as purchased

Figure4.3 XPS of Mo foil showing the difference in oxides present in a
processed and non-processed fail.
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The major differences in the two spectra are the existence of a Mo peak in the
nonprocessed foil and that of a MoO; peak in the processed foil. The Mo peak in the
non-processed foil would indicate that the oxide thickness is thin due to the sensitivity of

XPS, which probes up to 100A [3]. The lower free energy of formation (DG ¢ ) of MoO3

(-668 kJmol compared to —533 kJ/mol for MoO,) would suggest that MoOs will form
more readily than MoO,, thus supporting the fact that only MoQOs is present in the non
processed foil. In oxidation studies it has been shown that MoO, can be present when the
thickness of oxide layer is between 0.6 and 0.8nm [4]. The oxide film is optically visible
in the processed foil as a black film indicating a much thicker oxide. The formation of
MoO:; is therefore enhanced by the electrochemical etch process.
4.3 Effects of Temperature on the Emission Characteristics of Molybdenum

In order to obtain cleaner field emission display (FED) devices they are often
outgassed by heating the array to several hundred degrees centigrade to clean the
components of the display device. Due to the components on which arrays are processed,
this temperature does not exceed 500 °C [5,6]. To study the consequences of such a
procedure, both Mo foil and tip samples were heated to temperatures ranging from 150-
800 °C. The chemical composition was monitored after each annealing by XPS, which
indicated any oxidation or reduction of the surface. Both UPS and FEES monitored
changes in the work function due to annealing. The desorption of any chemical species
was tracked by an RGA mass spectrometer.

Molybdenum is known to exist as various complexes such as hydroxides, oxides

and suboxides[7]. In order to determine whether annealing of Mo emitters improves the
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Figure 4.4 XPS of heavily oxidized Mo foil heated at various temperatures.

Mo0Os is seen to decompose between 350 and 450 °C, while MoO» can exist up to
750 °C.

emission behavior, XPS, UPS and FEEDs were conducted on flat and tip samples at

various temperatures and were allowed to cool to room temperature prior to data analysis.

Figure 4.4 is a XPS spectrum of a Mo foil which was processed through the typical etch

cycle and heated at temperatures ranging from 150-750 °C on the VG heater stage located

in the processing chamber. Figure 4.5 is a corresponding Mo tip that was etched and

heated through arange of 150-450 °C also on the VG heater stage. In the case of the Mo

tip, MoO; is not evident in the preliminary scan. The MoO, was most likely removed by
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Signd

the HF rinse, and the MoO3; formed readily during the transfer process upon air exposure.
Nevertheless, in both cases M0oOs exists and is converted to MoO; as the temperature is

increased from 350 °C to 450 °C asis seen by the reduction of the MoO3 3ds; peak . The

reduction of MoOs to MoO, occurs at temperatures ranging from as low as 360 °C to as

high as 550 °C depending on the amount present [8]. MoO; is the more
thermodynamically stable at elevated temperatures and can exist up to 900 °C[9]. As

can be seen in figure 4.4, MoO; still exists even after annealing at 750 °C for a period of
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Figure4.5 XPS of an etched Mo tip heated to a maximum of 450 °C, the
temperature to which array devices can be heated to.
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3 hours indicating its stability at higher temperature. Unfortunately the VG heater stage
could not be operated above 750 °C in these experiments due to rupturing of the heating
element. However previous work on Mo,C films shows that MoO- is removed at
temperatures between 825 and 900 °C [10]. Thus at temperatures allowed by display
components Mo cathodes will suffer due to the predominant existence of a higher work
function oxide, MoO; .

The variation in the work function of Mo foils as they were heated was detected
using Ultraviolet Photoel ectron Spectroscopy (UPS). UPS was performed sequentially
after XPS was done. UPS data were acquired using 5.41eV photons from a Coherent Ar"
Laser as described in chapter 3. All spectrawere obtained using a pass energy of 0.25eV
and a dlit width of 6mm resulting in aresolution of 20meV. The data was recorded over
10 scans with 10meV steps over akinetic energy range of 0-3eV. UPSresults are shown
in figure 4.6 for temperatures of 25, 150, 350, 450 and 750 °C. Figure4.7 isa
corresponding peak fitting of the UPS energy spectrum for the oxidized Mo foil heated to
750 °C for aduration of 3 hours. It isevident from figure 4.6 than the signal intensity
increases with increasing temperature. The signal to noise ratio aso improved with
temperature. The increase in signa and the improved signal to noise ratio can be
explained by greater conductivity of the sample as the oxide is removed as will be shown
in the field emission section. All energy spectra could be fitted with three Gaussian
peaks with energies corresponding to work functions of 4.8, 4.6 and 4.3eV. The 4.6eV
work function is attributed to Mo while the other two values are most likely due to

surface contamination due to either the oxides of Mo or absorbed species on the foil.
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Figure 4.6 UPS spectra of oxidized Mo foil at various temperatures
using 5.41eV photons from a Coherent 90C FreDO Argon ion laser.
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Figure 4.7 Peak fitted UPS energy spectrum for Mo foil heated to 750 °C for
aperiod of 3 hours. Peak centers are located at 4.3, -4.58 and -4.83eV.
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RGA analysis shows that H,", OH*, H,O" and CO," are the major desorbing species
which isseenin figure 4.8. Apparently 750 °C is not enough to fully decompose the

oxide completely.
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Figure 4.8 RGA of oxidized Mo foil heated to 450 °C for ~ 3 hours.
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Field emission from oxidized tips was also preformed as a function of heating in
order to observe the effects of oxide formation on the emission characteristics. All FEED
spectra was run with a pass energy of 5eV and a step size of 0.1eV generally over a
kinetic energy range of 10eV. The individual Mo tip was heated at €l evated temperatures
of 350, 450, 550 and 800 °C while measuring the energy distribution after each thermal
treatment. The energy distribution of a single tip subjected to these temperatures is
shown in figure 4.9. A common observation was the shifting of the distribution to higher
binding energies when the tip was highly oxidized. The tip used in figure 4.9 had an
initial binding energy of greater than —10eV. The shifting is attributed to a charge build
up across the surface of the oxide layer due to the nonconductive nature of the oxide.

The electrons thus require more energy to overcome the surface barrier resulting in a
lower kinetic energy of field emitted electrons. As the oxide is removed the distribution
moves to lower binding energies. Therefore, the first effect an oxide layer hasis to cause
an apparent continous increase in the work function as the oxide thickness progresses.

The distribution after heating to 350 °C was fitted with three Exponentially
Modified Gaussian (EMG) peaks, whose inflection points correspond to work functions
of —7.52, -6.65 and —-5.57eV. When heated to 450 °C the peaks shift to energies of —6.32,
-5.69 and -4.54€V. These three peaks can be assigned to MoO,, Mo and MoOs, whose
work functions are in the vicinity of 5.3, 4.6 and 3.5eV as have been reported
[11,12,13,14]. The energy separation in these work function values of the two oxides of
Mo with respect to the pure metal is 0.7 and 1.1eV respectively. The work function of Mo

is known to initially decrease and then increase when the Mo surface is gradually
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Figure 4.9 Field emission energy distributions (FEED) of a Mo single tip heated to
temperatures of a) 350 °C, b) 450 °C, c) 550 °C and d) 800 °C. The distributions shift
to lower binding energies and the widths become narrower as the tip is reduced to clean
Mo.




oxidized [15,16,17]. The above work functions are separated by an average value of 0.75
and 1.11eV which are in good agreement to the above separations. This would indicate
that these peaks are consistent with MoO, and MoO3 and the shifting to lower energy
results from the reduction of the oxide layer thickness due to reduced charging.

Next, when the tip is heated to 550 °C the energy distribution reduces to one peak
with awork function of 5.8eV. This can be interpreted as the total oxidation of the Mo
and the reduction or desorption of MoO3 to MoO, which has been reported to occur over
atemperature range of 300-555 °C, previoudly stated in the XPS section. It has also been
reported that 500 °C is the temperature at which it is no longer thermodynamically stable
for MoO; to exist in the absence of oxygen [18]. Finally, when the tip is heated to 900
°C thetip is reduced to the pure Mo metal asis seen in the distribution. The distribution
can be fitted well with only one EMG which has an inflection point at 4.61 €V. Thisin
excellent agreement with the work function of polycrystalline Mo taken as 4.6eV [19].
This data would thereby indicate that 450 °C would not be sufficient to provide cleaner
Mo array devices.

4.4 Stability of Clean Molybdenum Field Emitters Exposed to Oxygen

Field emission from molybdenum emitters has been shown to degrade over time
when exposed to oxygen or poor vacuum conditions [20,21]. The general consensusis
that the failure mechanism involves the oxidation or sputtering of the emission tip.
However most experiments have been conducted under voltage regulation; that is, the
voltage is varied to produce a limited current. I1n order to determine which mechanism

contributes to the degradation, Mo single microtips were exposed to oxygen during
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operation while closely monitoring the current- voltage properties and the distribution of
emitted electrons as the current was varied. These measurements were then used to
conclude as to which mechanism affected the emission degradation.

Prior to exposing Mo field emitters to oxygen gas, the tip was cleaned by heating
to ~ 900°C until an energy distribution of pure Mo was obtained. Tips were then exposed
to research grade oxygen (O2) while the tip was in operation. Oxygen was introduced
through a variable leak valve and the pressure was measured with an ion gauge. On O,
introduction, the pressure was increased to 1x10™ torr for a successive time duration
amounting to dosages of 1,10,100,500 and 1000 Langmuirs (L). Exposure experiments
were conducted over an emission current ranging from ~1pA to 5nA. The current was
operated in aDC mode. The emission was set at the desired current and allowed to
stabilize (less than 5% change). O, was then introduced and the extraction voltage was
unchanged during the exposure. After exposure the emission was shut off while the
system was pumped down to 10°° torr. Energy distributions were obtained first at the
current at which the exposure occurred, followed by an I-V sweep. Energy distributions
were run with a pass energy of 5eV and a step size of 0.1eV over akinetic energy range
of 10-15V. All resulting FEED curves were fitted with EMG peaks using a peak fit
program. Changes in the work function and the slopes of the resulting FN plots were
then used to draw conclusions as to any mode of tip degradation.

The initial exposure experiments were done with 1nA emission current. Shown in
figure 4.10 are the FEED and Fowler-Nordheim (FN) plots for a clean Mo tip exposed up

to 1000L. All FEED curves could be fitted with only one EMG giving an averagework
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Figure 4.10 FEED and Fowler-Nordheim plots of clean Mo single tip

exposed to O, at 1nA emission current.
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Figure 4.11 Peak fitted FEED curves for Mo single tip prior to O, exposure and
after 1000L O, exposure at 1nA emission current.
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function of 4.61eV. thefitted FEED curves of aclean Mo tip before and after exposure
to 1000L of Oy isshown infigure 4.11. Furthermore, the slopes of the FN plots showed
no consistent change, with the largest difference being only 6.4%. To verify that the data
results were conclusive three additional trials with different tips were conducted. All four
trials indicated similar behavior, of which the first trial and the trial with the largest
variation are listed in table 4.1. Both trials indicate that no significant effects on the
emission behavior of the Mo tip occur under this emission current.

Increasing the emission current to 5nA while exposing the Mo tip to O, produced
changes in the behavior of both FEED and FN plots. The resulting FEED and FN plots
for this exposure are shown in figure 4.12. Asthetip is continuously exposed to O, the
intensity of the FEED signal continuously decreases until no signal is observed after
500L O,. Thework function only increases by 5% from 4.61eV to 4.85eV. On the other
hand, the FN plots show large variations in the slopes and large deviations in the
emission data points from the best fit lines. After 500L O, exposure the slope increases
by 129% with respect to the slope of the Mo tip prior to O, exposures. Furthermore,
after 1000L O,, exposure irreversible damage occurs such that tip emission is not
recoverable (FEED could not be retained even by increasing the extraction voltage).
Oxidation of the emitter tip does not support the observed results since the thermal data
showed that the degree of oxidation was noticeable by the degree of shifting in the energy
spectrum. In this, case the FEED curves shift dightly while the signal intensity
diminishes rapidly. In addition, the drastic change in the FN slopes can not be attributed

to awork function change, which changes by only 5%. Finally the operating voltage
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Figure 4.12 FEED and Fowler-Nordheim plots of Mo single tip exposed to
O, at 5nA emission current.
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produce 5nA emission sequentially decreases with O, exposure until failure occurred for
which a dlight work function increase would contradict, since an increase in the work
function would require an increase in the field strength. These results support a sputter
induced damage mechanism where the tip is gradually sharpened to the point of total
ablation.

Emission experiments were also conducted with 10pA emission during oxygen
exposure, and the results are listed in table 4.1. Much like the emissionexperiments
conducted with 1nA emission, both the FEED and FN plots showed practically no
variation. The emission current was therefore lowered to 1pA. At this current significant
variations became noticeable upon further dosing. Figure 4.13 shows the FEED and FN
plots obtained at this current level and the values of work functions and FN slopes are
listed in table 4.1 for two distinct trials. Figure 4.14 shows a curve fit of aMo tip
exposed to 1000L O2. Both trials indicate similar features, the appearance of new peaks
in the FEED and the fluctuations in the dopes of the FN plots. In the first trial the
percent change in the slope is consistent with, and varies accordingly with, the change in
the average work function. In the second trial the average work function does not change
as much due to the contribution of a higher work function oxide. This oxide probably is
produced by ion bombardment reduction of MoOs to MoO,. The changes in the dopes
do not vary consistently with the average work function, but thisis most likely due to the
scattering of some of the data points from which the linear fits are obtained. In any case,
the fluctuations in the slopes and more importantly the appearance of new peaks in the

FEED spectra are supportive of an oxide formation, which results in the instability of the
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Figure 4.13 FEED and Fowler-Nordheim plots of clean Mo tip exposed to
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Current Exposure FNdope Intercept Work Per cent Average % diff.in % diff.in

(nA) L) Function Area of Work Work FN dope
(ev) FEED Function Function
1 0 -15914 -17.644 -4.63 100 -4.63
1 -16934 -18.126 -4.61 100 -4.61 -0.02 +6.41
10 -17129 -17.933 -459 100 -4.59 -0.02 +1.15
100 -16196 -19.010 -4.61 100 -4.61 +0.02 -5.61
500 -15932 -19.237 -4.61 100 -4.61 0.00 -147
1000 -15599 -19.105 -4.60 100 -4.60 -0.01 -2.09
1 0 -16280 -18.026 -4.67 100 -4.67
1 -16920 -18.431 -461 100 -4.61 -0.05 +3.93
10 -15987 -19.874 -459 89.9 -551
-4.08 10.1 -453 -0.08
100 -15479 -20.198 -451 96.6 -149
-3.82 34 -4.49 -0.04
500 -17506 -19.003 -4.56 96.7 +11.2
-390 33 -454 +0.05
1000 -16142 -20.116 -455 100 -4.55 +0.01 -7.79
5 0 -13711 -19.637 -4.61 100 -461
1 -9613.9 -22.513 -4.63 100 -4.63 +0.02 -35.1
10 -11646 -19471 -4.85 100 -4.85 +0.12 -16.3
100 -8513.1 -21.677 no pesk - - -46.8
500 -31461 -3.1490 no pesk - - +78.6
1000 - - no peak - -
0.01 0 -8823.1 -20.597 -4.64 100 -4.64 -
1 -8997.2 -20.781 -4.60 100 -4.60 -0.04 +.197
10 -9036.1 -20.696 -4.60 100 -4.60 0.00 +0.44
100 -8934.3 -20.733 -4.60 100 -4.60 0.00 -113
500 -8798.1 -20.352 -4.60 100 -4.60 0.00 -152
1000 -8784.3 -20.530 -4.67 100 -4.60 0.00 -157
0.01 0 -9510.1 -19.556 -4.55 100 -455
1 -8718.0 -20.638 -455 100 -455 0.00 -831
10 -8803.0 -20.272 -455 100 -4.55 0.00 +0.97
100 -7964.0 -21.228 -457 100 -4.57 +0.02 -101
500 -7883.7 -21.329 -4.64 85.1 -454 +0.03 -0.28
-395 14.90
1000 -7733.1 -21.040 -4.64 100 -4.64 +0.10 -191
0.001 0 -7657.4 -22.270 -453 100 -453
1 -8241.6 -21.577 -455 100 -4.55 +0.02 +7.63
10 -7553.6 -22.019 -4.46 100 -4.46 -0.09 -8.35
100 -6333.9 -23.630 -4.27 100 -4.27 -0.19 -16.1
500 -7140.5 -21.423 -4.47 79.6 +12.7
-383 20.4 -4.34 +0.07
1000 -5943.3 -22.823 -4.39 62.8 -134
-3.76 37.2 -4.16 +0.18
0.001 0 -9191.8 -21.099 -459 100 -459
1 -8478.6 -22.214 -458 100 -458 -0.01 -7.76
10 -11319 -18.143 -459 90.6 -0.03 +33.5
-4.19 94 -455
100 -8983.7 -21.210 -455 86.0 -451 -0.04 -20.6
-4.25 14.0
500 -9766.2 -19.989 -450 86.4 -4.43 -0.08 +8.71
-398 135
1000 -8210.5 -21.902 -5.05 14.2 -452 -0.09 -159
-458 69.5
-3.83 16.27

Table 4.1 Effectsof O, on the field emission behavior of clean Mo tips while operated
at various emission currents ranging from 1pA to 5nA during the O, exposure. Here
percent difference is between current exposure and prior.
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emitter.

Emission experiments conducted on clean single Mo emitter tips in the presence of
oxygen over acurrent range of 1pA — 5nA show three distinct regions. Thefirst region
occurs for emission currents below 10pA, where oxidation of the emitter tipsis the
primary source of emission instability. In the third region, for an emission current of 5nA
or more, the emission instability is the result of sputter induced damage. In the second
region, for currents between 10pA and 1nA, the emission shows stability. Inthisregion
the stability is most likely due to a counter effect of oxidation and ion bombardment.
That is, as an oxide forms it is immediately removed by ion bombardment resulting in
emitter stability.

4.5 Oxygen Exposure on Oxidized Mo Emitter Tips at Various Emission Currents

Since thermal experiments indicated that temperatures above 500 °C are required to
achieve a clean emitter, oxygen exposures were preformed on oxidized Mo tipsto
achieve a clean emitter, oxygen exposures were performed on oxidized Mo tips to
determine if results similar to the prior section could be observed. New tips were etched
and rinsed with HF to remove the thick oxide platelets generally produced in the etching
process. Tips were flashed at 900 °C if the FEED showed heavy oxidation, but were not
completely cleaned. Once the energy distribution was located in the vicinity of the Mo
work function, exposure experiments were initiated. All parameters such as step size,
pass energy, etc. as used in the prior experiments were incorporated. The exposures were
done for emission currents of 10pA, 1nA and 5nA.

Energy distributions and FN plots for an oxidized Mo tip operated at 1 nA while
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Current Exposure  FN slope  Intercept Work Percent Average % diff. in % diff. in FN
(nA) (L) Function Area of Work Work slope
(eV) FEED Function Function
0.01 0 -19195 -18.587 -542 52.9 -4.96 - -
-457 28.8
-3.83 8.3
1 -20074 -17.992 -5.39 64.1 -5.08 2.39 +4.58
-4.65 29.3
-39 6.6
10 -18934 -19.207 -5.35 59.8 -5.03 1.00 -5.68
-4.64 33.8
-3.98 6.4
100 -18898 -19.446 -552 48.0 -5.01 0.40 +.019
-4.59 46.8
-4.09 52
500 -19948 -19.823 -552 60.3 -5.23 4.30 +5.56
-4.84 375
-403 22
1000 -19780 -19.173 -5.49 475 -5.03 3.90 -0.84
-4.63 48.0
-4.28 4.4
1 0 -18318 -199.719 -4.97 20.3 -4.58 - -
-4.65 60.6
-3.97 19.1
1 -18276 -19.727 -4.92 335 -4.56 0.44 -0.23
-455 48.7
-390 17.8
10 -18470 -19.566 -4.88 23.8 -451 1.10 +1.06
-4.54 61.8
-3.76 14.4
100 -18152 -19.816 -488 30.3 -4.48 0.67 -0.68
-4.57 52.1
-3.82 17.6
500 -18191 -20.042 -4.84 25.1 -4.46 0.45 +0.21
-4.46 59.5
-3.85 155
1000 -18636 -20.258 -4.85 28.0 -450 0.89 -0.85
-4.49 57.1
-3.88 149
5 0 -18078 -22.045 -5.27 51.6 -5.15 - -
-5.08 43.0
-453 54
1 -17590 -22.724 -5.22 325 -5.05 1.96 -2.70
-5.02 57.3
-4.68 10.2
10 -19983 -21.311 -5.15 59.6 -4.96 1.78 +13.6
-4.94 40.4
100 -18810 -24.125 -545 40.5 -531 6.82 -5.87
-5.22 59.5
500 -19618 -24.315 -6.19 49.0 -5.83 9.33 +4.30
-550 51.0
1000 9935.7 -35.052 no peak no pesk - - -49.35

Table 4.2 Effectsof O, on the field emission behavior of oxidized Mo tips while
operated at various emission currents ranging from 1pA to 5nA during the O,

exposure.

78



under the influence of O, is shown are figure 4.15. All FEED curves were fitted using 3
EMG curves, which can be assigned to Mo, Mo, and MoQOs, those for OL and 1000L O-
exposure are shown in figure 4.16. The values for work functions of the individua
curves and their contributions are listed in table 4.2. The Fowler-Nordheim plots
indicated that the emission is highly stable as the slopes almost perfectly overlap with a
deviation of only 1%. The average work function given as the sum of the individual
contributions( i.e. & f x; ), can be taken as the overall work function over an integrated
surface. The FEED results aso indicate stability since the average work function shows
a maximum change of only 2%. Both results therefore indicated that at 1nA the emission
characteristics of an oxidized Mo tip remain unaltered during operation in oxygen.

A similar experiment was conducted with an emission current of 10pA on a
different oxidized tip. Both the FEED and Fowler-Nordheim data are presented in
figure 4.17 and the fitting values are again listed in table 4.2. Under this condition the
average work function deviates by at most 5%, and the slopes of the FN plots by ~ 6%.
Again this can be interpreted as stable emission, and is identical to the results at this
current for a clean emitter surface. On the other end of the stability region a current
greater than 1nA showed degradation for a clean Mo tip. Therefore exposure on an
unclean Mo tip was executed on a different tip. Figure 4.18 shows the FEED and FN
results for exposure conducted at 5nA emission current while individua dataislisted in
table 4.2. Exposure at this particular current produces some interesting results. First the
slopes of the FN plots exhibit alarge deviation after 1000 L of O, dosing. Secondly, the

FEED curves show an initial cleaning of the tip by a shifting to lower binding energies,
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followed by arapid deterioration in the signal intensity. In addition, the voltage on the
extraction anode had to be increased in the later dosages to obtain 5nA emission. Finally
the lower energy peaks disappear with only the higher energy peaks being retained,
resulting in a higher average work function. These effects can aso be explained by a
sputtering mechanism similar to that seen for a clean Mo tip. Initially the tip is cleaned by
ion bombardment; however, further sputtering appears to reduce MoOs to MoO,, which
would explain the increase in the average work function. Eventually the tip becomes
blunt at the apex and emission may be due to protrusions along the shank of the wire.

Oxidized Mo tips exhibit similar behavior to clean emitter tips indicating that
field emitters can be operated within a specific current regime under which stable
emission may be achieved. However, clean Mo tips show less instantaneous current
fluctuations due to the absence of the oxide.
4.6 Effect of Oxygen Exposure on Mo Arrays

Molybdenum arrays used in this study were fabricated by LETI (LETI-CEA
Technologies Advances, Grenoble, France) [22]. Arrays were fabricated ona lcnt soda
lime glass substrate Imm in thickness. The dimension of the emitting area was 20 mn?
and confined to the center of the substrate. Spindt type tips are arranged in a 4x4 mesh
array, with each square mesh measuring 50mm x 50nm, thus containing » 2.8x10°
individual emitters over the entire emission area [23]. Arrays were operated in atriode
mode with a fixed voltage on the emitter (cathode) and on the anode. The gate voltage is
swept or varied in order to obtain an IV curve. To obtain FEED curves the cathode was

biased with -90V. The array was mounted in Vespel block, which was electrically
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isolated, and connection to the cathode and gate were made with insulated wire via two
feedthroughs. Prior to oxygen introduction, emitter arrays were seasoned [24] by
operating at 1.5mA for a period of 12-15 hours. Once the emission current showed little
fluctuation (< 5%) and the FEED remained unchanged, the exposure to oxygen was
initiated. Oxygen exposures were conducted under two modes of operation. In the first
mode the cathode was negatively biased, as was the gate. In the other mode the cathode
was grounded while the gate was positively biased.

Thefirst set of oxygen exposures on Mo arrays was done in the negatively biased
mode. The array was set at atotal emission current of 400mA as measured at the cathode.
This current was acquired by setting the voltage on the cathode to 90V and adjusting the
gate voltage between —10 and —13V. The array was set at this particular current prior to
O introduction and no adjustments were made during exposure. Figure 4.19 shows the
energy distribution of field emitted electrons, along with the corresponding FN plots,
exposed up to 1000L O, under the negative mode of operation. Three different trials
were conducted under this mode of operation, but only the results of the data with the
largest deviations are depicted. The appearance of a high energy tail that extends beyond
10eV indicates that the array is under going oxidation. however, The slopes of the FN
plots decrease, which would contradict an increase in the work function of the emitter.
The continuous increase in the intercepts of the FN plots indicates that the emission
density isincreasing. Activation of new emission sites by field desorption or sputter
cleaning would explain the intercept values and the extending energy tail, but not the

decrease in dlopes. Oxidation sharpening [26] of the emittertips could also causesimilar
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Figure 4.19 FEED and FN plots of Mo array operated at 400mA emission
current with =90V on cathode while being exposed to O,. (Colorsin F-N
plot correspond to those in the energy distribution plot.)
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correspond to those in the energy distribution plot).
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behavior in the emission data, but would not explain the disappearance of the low energy
oxide. A more likely explanation is that the tips are ion bombarded causing the reduction
of MoOs protrusions to MoO, protrusions along with sputtering of Mo and MoO, sites,
which results in sharpened tips. 1on bombardment may also result in the formation of
new nano-protrusion sites, which as the exposure time increases, become oxidized. These
new sites explain the increase in the FN intercepts. The sharper oxide protrusions would
account for the lower slopes as well as the extended tail. Even though the emission sites
are oxidized, their sharpness dominates over the work function increase resulting in a
smaller sope value.

Arrays operated with grounded tips show much larger effects in both the FEED
and FN plots. Figure 4.20 show both FEED and FN plots for an array operated under this
condition. Under this condition both the cathode and anode were grounded while a
positive voltage was placed on the gate during O, exposure. Asin the prior experiments
the array emission current was set at atotal of 400mA emission during the exposure
experiment. FEED and IV data were obtained in a similar fashion as those when the
cathode was negatively biased. Two distinct differences are evident. In the FEED
curves, a higher extent of oxidation is seen throughout the exposure. The FN plots also
show much larger deviations in both the slopes and intercepts. The slopes vary by as
much as 57% compared to only 13% when the array is operated in the negative bias
mode. In both cases, however, an apparent initial cleaning of the array can be observed
in the low binding energy shoulder. A sputtering-oxidation mechanism may aso help

explain these results and is described below.
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At this particular current, the current per tip can be cal culated between two
extremes, that in which all emitters are active and that in which only 10% of them are
active. For these extremes the emission per tip can range from as low as 1.33x10°*°A to
as high as 8x10'°A. For Mo single tips emission stability was observed at this current
range when tips were exposed to oxygen; however, certain differences exist. First the
inter-cavity between the gate and the cathode limits the pumping speed by which O, can
be evacuated from the local region of the emitter. Second the emission is over alarger
area such that probability of electron impact ionization of a gas molecules is different.
Finally the emitter tip geometry is smaller such that it is more sensitive to ion
bombardment. Taking these facts into account the following sputtering-oxidation
mechanism may justify the emission data. 1on bombardment is consistently occurring
under both conditions as is seen by the initial cleaning of the tip (disappearance of the
low work function oxide). This bombardment causes existing emitting protrusions to be
sharpened, as well as new protrusions, to be formed. This results in the decrease of the
dopes and the increase in the intercepts. When the cathode is negatively biased the
bombardment is enhanced. Asthe existing tips are sharpened, they are also being
oxidized by surrounding O, or O,"; however, this oxide is at the same time being ablated.
Over time the oxidation rate exceeds the ablation rate, thus resulting in the high binding
energy tail that develops at higher dosages. 1n addition, as new protrusions are being
formed they are being ablated away by bombardment, which accounts for the smaller
gradual increase in the intercepts. When the cathode is grounded on the other hand, the

oxidation rate more greatly exceeds the sputtering rate, which in turn produces a more
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rapid increase in the high binding energy tail. Furthermore the rate of ablation of new
protrusions is slower resulting in an increase of emission sites, which is indicated by the
more rapid increase in the intercepts. These new sites are sharper than the existing sites,
but become oxidized, yet are more likely to contribute to the overall emission. That is, as
oxidation proceeds, the old sites become deactivated and the new sharper oxidized sites
dominate the emission behavior. If thiswere indeed the case, it would be expected that
increasing the emission current would result in higher stability; unfortunately, dueto a
limited supply of arrays this hypothesis could not be completely examined.

4.7 Conclusions

XPS and UPS was performed on Mo flat samples comprised of 1 cnf? Mo fail,
while tips were formed from Mo wire. Thermal experiments on both flat and tip samples
showed that the heating of the Mo surface to 450 °C is not sufficient to reduce the oxide
layer to clean Mo metal. Infact, at this particular temperature, the predominant oxide is
MoO, which is a higher work function oxide. Therefore, heating an array to this
temperature would not be beneficial. Only when the Mo surface is heated above 750 °C
can it be reduced to the pure metal.

FEED experiments on both clean and oxidized tips showed that these tips could
be operated in the presence of O, without any substantial degradation when operated at
currents between 10pA and 1nA. For clean tips degradation in the field emission was
observed for emission currents of 1pA and 5nA. For the 1pA emission current, thetipis
oxidized when operated in the presence of O,. For both clean and oxidized tips exposed

to O, while operated at 5SnA emission current, degradation was also observed. Inthis
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case the degradation in the field emission is the result of the tip being continuously
sputtered away. It was thus suggested that in the regime between 10pA and 1nA, the
effect of oxidation is countered by the effect of sputtering, thereby producing stable
emission.

FEED experiments were also conducted on a Mo array operated in the presence of
oxygen. The experiments showed that when the cathode was operated with a negative
applied voltage the array emission was less effected by O,. When operated in this mode
the sputtering effect is more enhanced, in which case oxidation occurred at a slower rate.
Here again the results indicated that the array could probably be successfully operated in
O if the emission current per tip could be regulated. It was not determined at what total
emission current for this particular array successful emission behavior could be

accomplished.
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CHAPTER 5

EMISSION CHARACTERISTICS OF CARBON NANOTUBES

5.1 Introduction

Carbon nanotubes have prompted large interest as a field emitter candidate due to
their unique geometry. The radius of curvature for carbon nanotubes varies from ~2nm
for single-walled nanotubes (SWNT) and up to 50nm for multi-walled nanotubes
MWNT). Nanotubes have also been reported to have lower work functions than that of
graphite, and vary depending on the type and degree of purity. In this chapter the
characterization and emission properties of both single-walled and multi-walled
nanotubes will be presented. The nanotubes were characterized using scanning electron
microscopy (SEM), X-ray photoelectron spectroscopy (XPS) and X-ray diffraction
(XRD). The work functions were obtained from ultra-violet photelectron spectroscopy
(UPS) and field emission.
5.2 Sample Preparation and Characterization

In this study both MWNT and SWNT were investigated. Both flat samples and
tips were prepared by pressing nanotube mats onto Mo foils or wires. Electron
micrographs were used to view surface morphology and determine which tips would be
used for field emission experiments. Figure 5.1 displays SEM micrographs taken of flat
and tip MWNT and SWNT samples. SEM is not of high enough resolutionto observe

individual tubes; however, ropes or bundles of tubes are evident. Isolated ropes are more
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clearly seen in the MWNT samples, most likely due to their reported larger diameters. In

any case, these carbon tubes provide much sharper geometry’s than could be obtained

from chemical etching of Mo tip.

AL,

2,200 “16¥n. ND

Figure 4.1 Scanning electron micrographs of MWNT and SWNT deposited on Mo tips:
a) MWNT on Mo wire, b) magnified cluster of MWNT, c) single rope of MWNT and

d) aSWNT rope on Mo foil. (Images a-c are taken with 25kV electrons and the bar scale
corresponds to microns).
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XRD was performed only on a SWNT sample that was obtained from Materials
and Electrochemical Research Corporation (MREC) [1]. The sample was prepared by
pressing several nanotube mats onto a Mo foil measuring 1cnf. The sample was placed
on a XRD sample holder and held in place with a small amount of clay. The XRD
pattern is shown in figure 5.2. All the diffraction peaks above 40° are attributed to the
Mo foil. The predominate feature however is the broad peak ranging from ~6° to 17°.
XRD datafiles PDF#79-1715 and PDF#74-2328 list a variety of 2-Theta reflections
within this region for graphite and Cgp. The carbon samples were known to consist of
approximately 5% SWNT, carbon coated nanoparticles and amorphous carbon as they
were grown in a carbon arc deposition system [2]. This broad peak was therefore
attributed to various type of amorphous carbon present. The small diffraction peak
located at ~ 26.5° can be assigned to the (0 0 2) reflection of the nanotube graphene sheet
[3,4]. XRD thus was able to detect the presence of some nanotube structure.

In addition, XPS was also preformed on SWNT nanotube samples obtained from
both MREC and Rice. XPS was done using the Mg anode on a dual anode system. The
X-ray source is non- monochromatic whose primary line is the Mg K, with energy of
1248.8eV. A survey scan was run for both samples with a pass energy of 10eV and a
step size of 0.5eV. In both samples, carbon and oxygen appear to be the predominant
elements. Previous reports have shown that the carbon 1s photoelectron peak is
broadened by the degree of oxygen contaminants [5]. The XPS spectra of the C1s peak
of both sets of nanotubes are shown in figure 5.3a and corresponding peak fits are

depicted in figure 5.3b,c. The intensity of the higher energy shoulder is greater for the
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Figure 5.2 XRD pattern of single-walled nanotubes obtained from MREC.
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Figure 5.3 XPS spectra of C1s peaks of nanotubes from MREC and Rice, b) peakfit of
MREC tubes and c) peakfit of Rice tubes.
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the MREC nanotubes. Both carbon peaks can be fitted with five Gaussian curves, and in
addition have all peaksin common. Pesk fitted curves at 284.3, 284.8, 285.4, 286.5 and
289.4eV are common to both sets of nanotubes. The first three peaks can be attributed to
graphite, polyethylene, and aromatic type carbons, which would be likely present in
carbon soot [6]. The difference in the two samples arisesin the higher energy shoulder,
which for Rice nanotubes have a lower contribution to the overall composition than do
the MREC nanotubes. These peaks with corresponding energies of 286.5 and 289.4eV
can be assigned to CO and CO, type carbon in agreement with previous reported energies
[7,8,9]. From the carbon XPS data the Rice tubes are more purified than those from
MREC. To ascertain more information on the possibilities of the types of oxygen
present, localized scans of the oxygen 1s peak were also performed. Figure 5.4a shows
the XPS oxygen spectra of both samples and their peakfits are shownin 5.4 b,c. The
oxygen peak of oxidized carbon nanotubes has been shown to extend between 531-535eV
[10] asisthe case here. In addition the oxygen peak of both samples can be fitted more
precisely with two gaussian peaks with corresponding energies of 531.5 and 533.0eV.
These two energies are in agreement with the carbon bound oxygen of C=0 and O-C=0
whose energies have been documented at 531.1 and 533.3eV [11] and furthermore
support the carbon XPS resullts.
5.3 Effects of Temperature on the Emission Properties of Single-Walled Nanotubes.

The field emission characteristics of SWNTS' have been shown to have a
temperature dependence at which the nanotubes are subjected [2]. In addition, the

exposure of SWNTS' to air or oxygen has been shown to decrease the nanotubes
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electrical resistance [12]. However, the exposure to oxygen has been reported to increase
the work function [10] and decrease the field emission current [2]. Enhancement in field
emission behavior has been attributed to absorbates, but as stated by Dean et.al, electron
energy distributions as a function of processing temperature are required. For these
reasons, the work function of SWNT processed flat and tip samples were monitored as a
function of processing temperature by both field and photoemission The work function
of MWNT processed tips was only monitored by field emission due to the limited supply
of MWNT available. A residua gas analyzer (RGA) mass spectrometer was coupled to
both systems to detect the level of particular gasses evolved during heating cycles. For
flat samples, XPS was preformed monitoring the carbon and oxygen (1s) peaks. From
the resulting data, the determination of the work functions of both MWNT and SWNT
was achieved and the effects of processing temperature on the field emission was
deduced.

Field emission from nanotube coated blunt Mo tips showed that as the tip was
heated the field emission energy distribution (FEED) curve shifts to lower binding
energy. Once heated above 700 °C the FEED curve appeared to be unaffected by
additional heating. The shifting in the FEED curves is most likely due to the removal of
the oxides from the Mo tip, as was indicated in the previous chapter. Figure 5.5 shows
FEED curves and Fowler-Nordheim (FN) plots of SWNT coated tips subjected to
temperatures of ~ 150, 250, 400, and 750 °C. Curve fitting results of the following FEED
spectra are presented in table 5.1. Unfortunately, the field emission spectra does not give

adirect indication as to whether the nanotube contaminants or the Mo contaminants,
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Figure 5.5 FEED and FN plots of SWNT coated Mo tips heated at various
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or both, are responsible for the apparent shifting in the FEED spectra. Simultaneous XPS
and UPS data as a function of temperature can provide a better explanation of the field
emission behavior, and any effects of surface contaminants on the emission.

XPS was performed on Rice SWNT' s that were placed on a Mo foil and mounted
on aMo holder. The sample was heated at the specified temperature, then alowed to
cool to room temperature before XPS and UPS analysis. The carbon and oxygen 1s XPS
data are shown in figure 5.6 while the UPS data are shown in figure 5.8. All data were
peak fit and the results are listed in table 5.1. The XPS data show that oxygen continues
to exist even at elevated temperatures. As the temperature isincreased to 750 °C the
contribution of CO, diminishes in both the C1s and O1s peaks of the XPS spectra. In the
C1s spectra, the CO contribution increases dlightly while in the O1s spectra an additional
structure at a binding energy of 536eV isobserved. This peak may be present at other
temperatures, but its intensity may be so low that it is obscured by the background noise.
To show this more clearly, the peak fitted curves of the O1s structure are provided in
figure 5.7. This additional peak is attributed to the oxygen atom of H,O [11].
Furthermore the percentage of graphite and polyethylene carbon is decreased as the
temperature is increased. The RGA spectra shown in figure 5.9 shows that CO, isthe
primary gas desorbed, followed by water. The UPS data indicate that the contribution
from the nanotubes does not change while that from the nornnanotuoe carbon (-4.8eV)
decreases. The FEED data are also consistent in that the nanotube contribution changes
only by 9.8%. The slope of the FN plot however does increase drastically. These results

can be explained by following mechanism. As the nanotubes are heated to higher

101



Signa

Signal

50000
25°C
45000 1
9 150 °C
40000 1
250 °C
35000 1
400 °C
30000 1 |
|
/ 750°C
25000 1 |
20000 1
15000 1
10000 1
5000 1 et
0
270 275 280 285 290 295 300 305
Binding Energy (eV)
30000
b)
27000 1
24000 1
21000 1 A A A
18000 1
15000 mew
12000
515 520 525 530 535 540 545

Binding Energy (eV)

Figure 5.6 XPS of SWNT’s heated at various temperatures showing the variation
inthea) C 1sand b) O 1s peaks. (Color of plot in (b) correspond to the
temperature above).

102



b)

525 530 535 540 525 530 535

Binding Energy (eV) Binding Energy (eV)

525 530 535 540 525 530 535

Binding Energy (eV) Binding Energy (eV)

Figure 5.7 Peak Fit curves of the O1s XPS peak for temperatures of a) 25 °C b)
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therefore excluded)
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temperatures the nanotubes become oxidized. The oxidation occurs such that oxygen
(H20 in this case) penetrates deeper into the tubes while CO; escapes[13]. Thisresults
in the decrease of the CO, peaks and the rise of the H,O peak in the XPS data. The H,O
present in the RGA spectrum results from the desorption of water from the chamber walls
as the sampleis being heated. CO and CO, may be what contributes to the two small
peaks in the high binding energy side of the UPS spectra. In any case, the presence of the
H>O does not appear to effect the work function of the single-walled nanotubes as is
evident in both the FEED and UPS data. The increase in the Fowler-Nordheim slope
results from the oxidation of the nanotubes. The smaller diameter tubes are opened by
the oxidation while the larger diameter tubes remain closed [13], thereby increasing the
average emitter radius. An increase in the average tip radius would result in a decrease in
the emission current with increasing temperature and is what is observed in this study as
well as that reported by Dean [2]. Thusit appears that SWNT’ s do have atemperature
dependence which is related to their structure and not a change in the work function.
5.4 Field Emission Characteristics of Single-walled Nanotubes Exposed to Oxygen
Nanotube coated Mo tips were operated at several emission currents while being
exposed to research grade (99.999%) oxygen. Energy distribution curves and Fowler-
Nordheim plots were used to determine the susceptibility of carbon nanotubes to oxygen.
The main interest is to observe if their exceptional strength allows them to be operated at
higher emission currents than corresponding Mo tips (that is less prone to sputtering), and
to determine their emission behavior under the influence of oxygen.

Prior to exposing the nanotubes to oxygen the coated tips were heated to 700 °C to
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Peak Position of FEED Curve Per cent Contribution

Temp. Peak 1 Peak 2 Peak 1 Peak 2
25 -575 -4.96 282 718
150 -5.36 -4.76 380 720
250 -531 -431 531 46.9
400 -5.05 -3.86 504 49.6
750 -493 -4.08 349 651
Carbon 1s Peak Position Percent Concentration

Temp. Peak 1 Peak 2 Peak 3 Peak4 Peak 5 Peak 1 Peak 2 Peak 3 Peak 4 Peak5
25 2843 2846 2854 286.5 289.5 201 409 152 94 144
150 284.3 284.8 285.6 2865 288.8 188 364 188 89 171
250 2844 2848 2856 286.7 289.3 192 354 231 75 146
400 2845 2849 285.6 286.7 289.6 143 349 279 92 137
750 2844 2849 285.6 286.7 290.3 135 345 260 158 103

Oxygen 1s Peak Position Percent Concentration
Temp. Peak 1 Peak 2 Peak 3 Peak 1 Peak 2 Peak 3
25 5315 532.8 216 784
150 531.5 532.8 216 784
250 531.6 532.3 396 604
400 531.0 532.7 231 769
750 531.2 533.3 536.0 56.2 333 105
UPS Peak Position Per cent Contribution

Temp. Peak 1 Peak 2 Peak 3 Peak4 Peak 5. Peak 1 Peak 2 Peak 3 Peak4 Peak 5
25 -509 -501 -485 -466 -4.34 39 538 26.1 427 17.2
150 -5.09 -5.02 -486 -4.60 -4.33 42 34 293 384 170

250 - - -483 -4.63 -4.32 252 503 245
400 - -506 -486 -462 -4.33 5.3 440 295 198
750 - -497 -481 -460 -4.29 5.6 187 576 173

Table5.1 FEED, UPS and XPS data of single-walled nanotubes subjected to various
temperatures.

106



remove any oxide on the Mo tip on which the tubes were placed. This was done to
eliminate any shifting in the FEED curve due to the oxide formation. Tips were moved
into position over the extraction anode, and the distribution signal was maximized in a
similar manner as was performed for the Mo tipsin the previous chapter. Once an energy
distribution curve of a clean tip was obtained, oxygen was introduced. All data were
acquired with a pass energy of 5eV, astep size of 0.1eV, and swept 10 times over an
energy range of 10eV. All current-voltage curves were obtained over the same voltage
sweep, and all FEED curves were obtained with the same extraction voltage on the
anode. Oxygen exposure experiments were first performed on MREC nanotubes at
emission currents of 2pA, 1nA and 5nA. With RICE nanotubes only 1 and 5nA emission
currents were used. The previous section indicated that the work function of both types
of nanotubes are the same the only difference being the amount of other forms of carbon
present; therefore, similar results are to be expected. From the FEED and FN plots the
effects of field emission in the presence of oxygen were deduced.

Field emission spectra and Fowler-Nordheim plots for the two extremes in current
are presented in figures 5.10 and 5.11. The numerical values of al field emission data
are listed in table 5.2 for MREC nanotubes and in table 5.3 for Rice nanotubes. For O,
exposure at 2pA, the slope in the FN plot increased by 7% over the 1000L exposure,
while the average work function remained relatively unchanged. The percent
contribution of the nanotube peak did however show a 24.8% difference from its
maximum to its minimum values. For the 1nA exposure both sets of samples showed a

consistent variation in the slope and work function. That is, whenever the slope
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-4.07

-5.05
-4.04
-4.92
-4.16
-4.95
-4.16
-5.13
-4.12
-5.06
-4.40

-5.00
-4.56
-4.07
-5.61
-4.85
-4.32
-5.69
-4.69
-4.17
-5.78
-4.76
-4.20
-5.48
-4.66
-4.14
-5.87
-4.97
-4.43
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Percent
Area

42.5
57.2
38.7
61.3
34.8
65.2
317
68.3
43.6
56.4
46.8
53.2

39.5
60.5
45.1
54.9
434
56.6
47.7
52.3
42.0
48.0

38.9
42.7
18.4
30.2
484
214
41.4
39.0
19.6
355
41.0
235
39.6
41.8
18.6
40.2
37.7
221

Average
Work
Function
-4.52
-4.52
-4.49
-4.35
-4.46

-4.49

-4.44
-4.50
-4.50
-4.60

-4.68

-4.61

-4.91

-5.00

-4.99

-4.89

-5.21

% diff. in
work
function

0.00

0.66

3.17

2.50

0.67

134

0.00

2.20

172

6.30

1.82

0.20

2.02

6.34

% diff. in
FN slope

-0.50
+2.43
-3.92
+4.76

+4.36

+11.3
-0.26
+2.92

+0.48

+1.67

-17.24

-16.78

Table 5.2 Field emission data of MREC SWNT’ s exposed to O, while operated
at various tip emission currents.



Current
(nA) L)

1 0

10

100

500

1000

10

100

500

1000

Exposure

FN slope

-2427.6

-2327.5

-2395.8

-2105.1

-2230.7

-2241.2

-1926.0

-2143.9

-2152.2

-2151.3

-2168.7

-2311.3

Intercept

-14.581

-14.640

-14.164

-15.581

-15.077

-15.150

-16.533

-15.693

-15.642

-15.682

-11.552

-14.301

Work
Function

ev)

-6.33
-4.87
-4.06
-6.72
-4.86
-4.30
-6.68
-5.13
-4.21
-6.49
-4.85
-4.09
-6.20
-4.84
-3.82
-6.32
-4.98
-4.16

-5.97
-4.81
-3.98
-5.95
-4.83
-4.08
-5.55
-4.70
-4.01
-5.95
-4.78
-3.58
-5.60
-AT77
-4.31
-6.07
-4.88
-4.00

Percent
Area

4.00
47.2
48.8
3.00
44.5
52.5
4.8
44.8
50.4
4.1
41.3
54.6
6.9
42.8
50.3
5.9
405
53.6

4.6
23.8
71.6

7.1
25.9
67.0

6.3
31.3
62.4

4.7
29.8
65.5

7.1
30.8
62.1

5.3
34.8
59.8

Average
Work
Function
-4.53

-4.42

-4.74

-4.50

-4.42

-4.62

-4.27

-4.41

-4.32

-4.05

-4.54

-4.41

% diff. in
work
function

2.46

6.99

5.19

1.79

4.42

322

2.06

6.45

114

2.90

% diff. in

FN slope

-4.21

+2.89

-12.92

+5.79

+0.47

+10.71

+0.39

-0.04

+0.80

+6.37

Table 5.3 Field emission data of Rice SWNT’ s exposed to O, while operated at
various tip emission currents.
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decreased the work function also decreased. In this case, asin the 2pA case, the average
work function varies by ~6%, but the percent contribution of the nanotubes differs by as
much as 23% for the MREC tubes and 11.2% for those from Rice. The largest variations
in the slope and work function occur for the 5nA emission current. At this current the
average work function for both samples show a difference of ~11.7% and the slope
changes overall by 18% for the Rice tubes and 37% for the MREC tubes. The percent
difference in the nanotube contribution is 24.3% (MREC) and 18% (Rice). These results
indicate that the nanotubes are being sputtered at all currents, with the largest degree of
sputtering occurring at the greater current. Structural changesin SWNTs due to
sputtering [14] can lead to a decrease in the tube height, opening of the nanotube cap,
disruption of electronic states in the cap [15] or complete etching of the nanotubes [16].
Unlike the Mo tips, the nanotubes are not oxidized in the presence of O, and therefore the
nanotubes are continuously being ablated. The apparent increase in work function is due
to the removal of the nanotubes resulting in a larger contribution of field emission from
the higher binding energy carbon. The variation in the slope shows a decrease in the
MREC tubes and an increase in the Rice tubes. This may be the result of the degree of
purity in the samples, where the Rice tubes have a larger concentration of nanotubes
compared to the MREC tubes. In the case of the Rice tubes sputtering occurs at the
same rate, but because there is alarger concentration of nanotubes, the tubes away from
the apex contribute more resulting in an apparent increase in the tip shape. Thus it

appears that carbon nanotubes may be susceptible to long term sputter degradation [14].
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5.5 Field Emission from Multi-Walled Carbon Nanotubes.

Multi-walled carbon nanotubes have been reported to have a higher work function
than single-walled nanotubes. The value of their work function however, varies
dramatically from 1.3eV to as high as 12eV [10, 17-21]. MWNTsare also known to be
more resistant to radiation damage [14] and thus maybe more resistant to sputter damage.
In this section, field emission was performed on MWNTSs from which the work function
was obtained and compared to the SWNT work function.

The MWNTSs were purchased from NANOCSs Corporation. The MWNT coated
Mo tips were spot welded onto a tungsten filament, through which resistive heating could
be accomplished. The tip was heated to 1000 °C and the FEED curves obtained (after
tips cooled to room temperature) were used to determine the work function of the
MWNTSs. A larger anode voltage was required to obtain the same current as SWNTSs.
This is attributed to the larger diameter of the MWNT as compared to SWNT. The
FEED curves obtained at different temperatures are shown in figure 5.12. With the
exception of the tip heated to 1000 °C, all curves could be fitted with two exponentially
modified gaussians (EMG’s). The FEED and FN data are listed in table 5.3. Itisclearly
seen that up to these temperatures the effective work function is significantly larger than
that of SWNTSs. The two peaks of the FEED curves at lower temperatures are assigned to
nanotube carbon and graphitic carbon. The separation of the two peaks is on the order of
the separation of the peaksin SWNT samples. At 800 °C any oxides on the Mo tip will
be removed thereby ot contributing to any peak shifting (due to any resistance at the

Mo-nanotube interface) as was seen for Mo tips. The effective work function of 7.38eV
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Figure 5.12 FEED and FN plots of MWNT heated at various temperatures.
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Temp. FN slope  Intercept FEED Position Percent Comp.

(°C) peakl pesk 2 peak 1 peak?2
25 -7487.6  -16.905 -6.00 -6.83 55.8 44.2
150 -7640.8  -16.208 -5.52 -6.14 21.0 79.0
450 -5928.3  -18.176 -6.65 -7.61 44.0 56.0
800 -6962.2 -16.911 -7.38 -7.68 60.0 40.0
1000 -14082.0  9.1089 -5.97 100.0

Table 5.4 FEED and FN data of MWNTSs heated at various temperatures. Larger

emission currents were required to obtained FEED spectra, with currents ranging from
20-50nA.

for MWNT agrees with that reported by Fransen [20]. Above this temperature, i.e 1000
°C, the FEED reduces to one peak with awork function of 5.97 eV. With increasing
temperature the percent contribution from the lower FEED peak increases. This may
suggest that the emission above annealing at 1000 °C is strictly from nanotube carbon.
The shifting to lower binding energy is likely the result of enhanced conductivity with
increasing temperature due to the removal of impurities or other defects [22]. Itis
believed that the work function of MWNTSs is the same as SWNTSs but the greater
resistance shifts the energy distribution (as in the case of heavily oxided Mo) in such a

way as to make the work function appear to be higher.
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5.6 Conclusions

In conclusion, MWNTSs have a higher turn on voltage than SWNTs and may be dueto
their larger tube diameters. The work function of MWNTSs s likely to be the same
(reported at 4.3 eV [10]) as that of SWNTSs but appears larger due to higher defect
concentrations which is probably the reason for the wide range of reported work function
values. To confirm this, UPS measurements would have to be performed. However, due
to the quantity available this was not done in this study. Thus MWNTS are not as
desirable afield emitter candidate as are SWNTSs.

The XPS and UPS results from SWNT flat samples showed that at elevated
temperatures, these nanotubes can be oxidized. The likely mechanism is the opening of
the nanotube cap, followed by the uptake of water. This results in the destruction of the
cap but does not effect the work function.

Oxygen exposure experiments showed that the single-walled nanotubes are not oxidized
when operated in the presence of oxygen. They are however, sputtered to some extent at
all emission currents ranging from 2pA to 5nA. The largest extent of sputtering occurs at
the 5nA current, resulting in a as much as a 24% difference in the work function after
1000L O, exposure. Unlike the Mo tipsin the previous chapter, an energy distribution
could still be obtained after this exposure time. Thiswould suggest that the SWNTs are
tougher, resulting in a slower ablation rate. To determine whether these nanotubes are a

viable field emitter candidate, long term oxygen exposures would need to be performed.
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CHAPTER 6

EMISSION CHARACTERISTICS OF ALUMINUM

6.1 Introduction

Very few studies have focused on aluminum as a possible field emission
candidate, most likely due to high reactivity towards oxygen. Most field emission studies
have focus on nitrides of aluminum. Aluminum metal has a lower work function than
does molybdenum metal or carbon [1]. Another interesting feature of aluminum is that
its oxide layer creates a diffusion barrier, which prevents any further oxidation.
Furthermore, the oxidation of the aluminum surface has been reported to lower the work
of clean aluminum [2,3,4]. The above facts suggest that aluminum maybe a excellent
candidate for afield emitting material. In this chapter both field and photoemission
studies on auminum samples will be presented.
6.2 Sample Preparation and Characterization

The aluminum used in these studies was 0.02in. diameter wire of 99.9998%
purity purchased from Alfa Aesar. Flat samples for XPS and UPS measurements were
prepared by coiling the aluminum wire in a circular manner on top of the XPS sample
peg. For XRD anaysis aflat sample was prepared by wrapping the Al wire around a
1cn? Mo foil. Aluminum tips for field emission studies were prepared by cutting wire
strips of approximately 2 inches in length. The wire strips were then spot welded onto a
tungsten filament after which they were chemically etched. The etching solution

consisted of an agueous solution of 5% HF and 25% HNOs. Complete etching of asingle
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tip occurred over atime period of 7-8 hours. Once etched, the tip was submerged in
concentrated HF to remove the oxide or hydroxide layer formed in solution. The tips
were then viewed in a scanning electron microscope to determine the quality of the etch
process. Figure 6.1 shows the image of an etched aluminum wire. This

indicates that Al tips can be prepared using a HNO3 and HF solution.

Figure 6.1 Scanning electron microscope image of an aluminum tip chemically
etched in a solution of 5% HF and 25% HNOs. (Image taken with 15kV electrons
and magnification bar corresponds to microns)
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X-ray diffraction (XRD) was done on flat samples to determine which crystal
planes were predominately present. Figure 6.2 is the diffraction pattern of aflat sample
irradiated with the Cu K41 line. All peaks are reference to PDF file # 04-0787. The
dominant peak at the2 value of 44.9° is associated with the (2 0 0) crystal plane of
aluminum. The peaks at 38.6° and 65.2°are fromthe (11 1) and (2 2 0) planes of Al
while the doublets at 78.4°, 82.6° and 99.2° arefromthe(311),(222)and(400)
crystal planes of Al. The peaks at 58.5° and 73.5° are associated with the (20 0) and (2 1
1) crystal planes of Mo. Unfortunately XRD is not sensitive enough to observe the
presence of the thin oxide that would be present on the Al surface. Therefore, X-ray
photoel ectron spectroscopy (XPS) was done on the same Al samples.

Since XPS is a more surface sensitive technique than XRD, it was used on both
flat and etched Al samplesin order to detect the presence of any oxide present. The flat
sample consisted of a coil of Al wire. For the tip samples, XPS was preformed on atip
that was etched in solution and rinsed with HF after the etch process. For the XPS
measurements, the Mg K, X-ray was used along with a pass energy of 10eV. The XPS
spectrum of aflat sample is shown in figure 6.3. The data for the Al 2p peak can be fitted
with three Gaussian curves with centers at 73.6, 75.8 and 76.7eV. These peaks can be
attributed to metallic aluminum and two of its oxides, ALO3 and AlOy, even though they
are dlightly shifted from their documented values. For clean evaporated aluminum, the
reported binding energy of the 2p peak is 72.6eV [5]. On the hand the binding energy of

the 2p peak for the oxide of aluminum varies depending on its structure and
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Figure 6.2 XRD pattern of Aluminum wire sample coiled around a Mo foil.
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Figure 6.3 XPS spectrum of Al 2p peak with corresponding peak fit. The peaks
are assigned to Al, ALbO3 and AlOx.
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stoichiometry [5,6,7]. The reported values of the binding energies for the shifting from
the elementa Al position are 1.25-3.0eV [5,6,7]. Classificationof the AIOx has been
limited to an intermediate oxidation state. In this case the peaks are all shifted by ~1eV.
This is due to the nonconductive nature of the oxide film resulting in the charge build up
at the surface. The Al peak results from the metal underlying the oxide film. Since this
native oxide film is at most 30 A thick, the X-rays are able to penetrate through the film
and excite Al atoms, whose electrons must have escape depths greater than 30A. The
assignment of the peak at 73.6eV to the AI° state isjustified by the shift in the position
when the sample is sputtered with Ar* ions. The spectrum of the sputtered sample
overlapped with the previous result, showing the shift to lower binding energy (seein
figure 6.3). The peak centersall shift by 0.6eV and are located at 73.0, 75.2 and 76.1€V.
In addition the lower energy peak becomes larger and the oxide peaks become smaller,
indicating the reduction in the oxide film thickness, but not complete removal. XPS of an
Al tip also showed the existence of an oxide, as would be expected. However, the
spectrum had a low signal to noise ratio such that the two peaks blend together, making it
difficult to obtain an accurate peak fit. The XPS data for the Al tip subjected to the
etching solution is shown in figure 6.4. It is evident that there is alow signal to noise
ratio. Thisis attributed to the small area from which electrons are excited. In any case
the effect of the presence of this oxide on the work function of Al would be of interest to
field emission device technology.

Both UPS and FEED were used to examine the work function of Al flat samples

and tips. UPS was performed on flat samples for both sputtered and non-sputtered
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Figure 6.5 XPS of an aluminum wire tip after etching in solution of HN O3
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Figure 6.6 Low energy UPS on an Al sample prior to sputter cleaning.
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Figure 6.7 Low energy UPS on the same Al sample after 30 minutes of
sputtering. The spectra shows a larger intensity at the low energy regime
and an additional peak at ~4.0eV.
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samples while FEED was only conducted on etched samples. Both samples were heated
and the results will be compared in the next section. The UPS spectrum for Al flat
sampleis shown in figure 6.5. The spectra can be fitted with five Gaussian curves with
energies of —4.33, -4.57, -4.83, -5.02 and -5.09eV. The data of both sets of UPS data are
presented in table 6.1. The first two peaks are assigned to Al and Fe [1], where the Fe
arises from the sample peg. The other three peaks are difficult to assign, since there are
no reportedly agreed upon work function values for the oxides of aluminum. Most
studies indicate that upon oxidation the work function of Al is decreased initialy by as
much as 1.4eV [3]. These studies however, examine the work function change for 1-3
monolayer coverage. The change in the work function is also reported to depend on the
pressure at which the Al is exposed [8,9]. At higher pressures, the work function of Al
actually increases [10]. With thisin mind, and the XPS data presented, it is believed that
the peak at -4.83eV is due to ALO3 and the peaks at —5.02 and -5.09eV result from sub-
stoichiometric AIOy. When the sample is sputtered with Ar* for a period of 30 minutes
(etch rate of 0.825nm/min), the intensity of the Al work function peak increases by ~ two.
An additional peak required to fit the curve with a corresponding energy of —4.08 eV.
This could result from two possibilities. Thefirst isthat it is the work function of the
(11 0) crystal plane of Al whose work function is4.06eV [1]. The second possibility is
that the reduction of the oxide thickness contributes to the lowering of the work function
as described in the previously stated studies. Another interesting feature in the UPS data
isthe structure of the higher energy regime. The peak associated with AlLO3 decreases

by approximately afactor of two. The two other peaks, which have been associated in
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this work with the sub-oxides, are shifted but their contributions remain relatively

unchanged. It is believed that these peaks could be oxides of Al in the form of hydrates
or hydroxides, which readily form on the surface. Field emission from atip sample also
gives similar values. The FEED curve from atip sample is shown in figure 6.7 and the

corresponding peak fit datais listed in table 6.1. FEED from a single tip also showsthe
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Figure 6.8 Field emission energy distribution curve of an etched Al tip
showing the presence of alower work function oxide with avalue of 3.8
ev.
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XPS data of sputtered and non-sputtered Aluminum
Sample Peak Position Percent Composition
Peak 1 Peak2 Peak3 Peakl Peak2 Peak3
non-sputtered 73.6 75.8 76.7 22.1 25.0 52.9
sputtered 73.0 75.2 76.1 479 25.0 27.1

UPS data of sputtered and non-sputtered Aluminum

Sample Peak Position Percent Composition
Peak Peak
1 2 3 4 5 6 1 2 3 4 5 6
nonsputtered - 43 -46 -48 50 51 - 197 289 354 128 32
sputtered -40 -43 -47 50 51 -52 166 374 158 130 42 130

FEED data of an etched Aluminum tip

Peak Position (eV) Percent Contribution
peak 1 peak 2 peak 3 peak 1 peak 2 peak 3
-4.78 -4.29 -3.81 47.6 34.3 18.1

Table 6.1 XPS and UPS data of Al sample before and after sputtering. FEED
data of an etched Al tip showing a comparison in work function values obtained
from field emission.
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occurrence of alower work function contributor. The FEED and UPS results indicate

that the existence a of a very thin oxide layer can reduce the work function of aluminum

as previously observed.

6.3 Variation in the Work Function of Aluminum Heated to 125 °C as Measure by FEED
and UPS

In the previous section, UPS results indicated that the valence band spectrum
affected by the oxidation of aluminum. Sputtering of aluminum appears to clean the
surface thereby reducing the photoelectric threshold. Since thermal heating is another
method by which metal surfaces can be cleaned, the heating of Al wasinvestigated. In
this section the effect of heating aluminum on the FEED and UPS energy distributions
will be presented.

The electron energy distributions from an etched Al tip were monitored as the Al
tip was heated. One fact to be noted is that a much larger anode voltage was required to
obtain field emission as compared to Mo or carbon nanotube samples. Theinitial tip was
heated to a temperature of 200 °C, resulting in the degradation of the tip, asinterpreted by
the lower emission current at the same anode voltage, as well as, the disappearance of the
FEED signal. It was believed that the low melting temperature of Al and the orientation
(tip directed in the downward position) causes the tip to become blunted . For thisreason
alower temperature was used with a new tip. FEED curves for an Al tip heated to
125°C over various time intervals is shown in figure 6.8. Asthetip is heated for longer
times the distribution curve shifts to lower energy. Even moreinteresting is that the

distribution becomes separated into two distinct curves. All curves were peak fit and the
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Figure 6.9 FEED curves on an Al tip heated to 125 °C for various time intervals. The
separation of the energy distribution into two distinct peaks indicates the thermal cleaning
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resulting data are listed in table 6.2. The data suggests that this temperature is enough to
thermally clean the Al tip. However, the data did not show the presence of the low work
oxide as was observed in the previous section. In any case it is clear that aluminum canbe
somewhat cleaned at much lower temperature.

Low energy UPS was run on an Al flat sample at atemperature of 125 °C. The
sample was heated at this temperature for atime period of 1 hour. XPS and UPS were
done on the same sample before and after heating. The spectra are presented in figures
6.9 and 6.10 for both the UPS and XPS analysis and the fitting results are presented in
table 6.2. The XPS results indicate that the sample becomes oxidized (pr20 increases
from 8x10%° to ~ 8x10°° torr) slightly by the apparent shift in the spectra. The UPS data
on the other hand supports the FEED datain that the percent contribution of the Al peak
increases, thereby lowering the work function. The percentage of Al,O3 decreases while
the peak at 5.02eV dightly increases. The FEED data indicates that the tip was initially
cleaned and then re-oxidizes with continued heating. Taking this into account, along
with the XPS and UPS results for the flat sample, it appears to suggest that Al may
diffuse toward the surface. Asthe Al isinitially heated the Al diffuse outward resulting
in the single peak in the FEED data after 5 minutes of heating. The Al then re-oxidizes
with continued heating, resulting in the increases of the oxide peaks in the FEED, XPS
and UPS data. These heating experiments therefore indicate that Al can be cleaned with
alow temperature anneal. However, its extreme reactivity towards oxygen causes it to be

readily oxidized thereby never allowing a purely clean surface.
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Figure 6.10 XPS of aluminum flat sample a) prior to heating and b) after heating
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Figure 6.11 Low energy UPS of aluminum flat sample before and after heating to
125 °C for 1 hour.
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FEED data of an Al tip heated to 125 °C

Time Duration Peak Position (eV) Percent Contribution
(minutes) peak 1 peak peak 1 peak 2
0 -4.65 - 100
5 -4.33 - 100
10 -4.21 -4.48 55.2 44.8
15 -4.27 -4.66 43.8 56.2

XPS data of an Al flat sample heated to 125 °C

Condition Peak Position (eV) Percent Composition
peak 1 peak?2 peak3 peak 1 peak?2 peak3
prior to heating 73.3 75.5 76.2 20.7 26.8 52.5
heated 1 hour 73.8 76.2 76.7 199 31.6 48.5

UPS data of an Al flat sample heated to 125 °C
Condition Peak Position (eV) Percent Contribution
peakl peak?2 peak3 pesk4 peakb peakl peak? peak3 peak4 peak5
unrheated -4.33 -4.57 -4.83 -5.02 -5.09 197 289 3HBS5 128 32
heated -4.24 -455 -4.81 -5.02 -5.09 237 301 266 163 32

Table 6.2 FEED, XPS and UPS peak fit results for aluminum tip and flat samples
heat to 125°C.
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6.4 Conclusions

Field and photoemission studies have shown that aluminum is not a viable
candidate for a field emitter material. Unlike Mo and carbon nanotubes a much larger
anode voltage is required to achieve field emission most likely due to less effective
etching. Even though aluminum readily oxidizes, field emission can still be achieved (it
is however very erratic). Photoemission studies of sputtered and unsputtered aluminum
samples have shown the possible existence of suboxides of aluminum with both higher
and lower work functions. From the sputtering experiments the work function of these
oxides appears to be coverage dependent. When the oxide film is thin (2-3 monolayers)
the work function of aluminum is lowered as has been reported [2-4]. Asfor the
assignment of the work functions to hydroxide or hydrate forms of oxides, more elaborate
studies are required. The thermal experiments conducted indicate that aluminum can be
cleaned by alow temperature anneal that most likely results from the diffusion of
aluminum atoms to the surface. The aluminum atoms, however, readily re-oxidize.
Unlike the Mo and carbon nanotube tips, the aluminum tips were not exposed to oxygen

while in operation so their resiliency to oxygen was not determined.
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CHAPTER 7

SUMMARY AND CONCLUSIONS

The field and photoemission characteristics of molybdenum, carbon nanotubes
and aluminum have been studied using field emission electron spectroscopy, X-ray
photoel ectron spectroscopy and ultra-violet photoelectron spectroscopy. The studies
presented showed that thermal annealing can change work function of these materials by
changing the chemistry of the surface. The field emission stability of molybdenum and
carbon nanotubes operated under the presence of O, was aso investigated. FEED results
showed that the stability of these emitter materialsis strongly dependent on the current at
which they are operated while exposed to O,. Short term successful operation of the
emitter in an oxygen environment can be accomplished only when the current is
regulated.

XPS and UPS experiments conducted on molybdenum samples demonstrate that
the oxides of molybdenum can only be removed when heated above 750 °C as stated in
chapter 3. The limiting temperature at which an array device can be baked is not
sufficient to accomplish cleaning of Mo microtips. In fact, at atemperature of 450 °C,
the lower work function oxide, M0Os, is reduced to MoO,, which has awork function
higher than Mo itself. FEED experiments show that even when these oxides are present

the average work function of asingletip is close to that of Mo, whose work function
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valueis 4.6eV. FEED experiments were carried out for both clean and oxidized single
microtips while operated in the presence of O,. These experiments suggest that Mo
emitter tips can be operated in O, without any substantial degradation in the field
emission. This could only be accomplished when the Mo emitter tip was operated in the
current range of 10pA to 1nA. Below this current range, the emitter tip was degraded due
to oxidation of thetip. Above 1nA the degradation of the emission was the result of
sputter ablation of the Mo tip. Between the currents of 10pA and 1nA the effects of
sputtering counter the effects of oxidation. This was also apparent in an array when
exposed to oxygen. When the array was operated with -90V on the cathode, as opposed
to having the cathode grounded, the enhanced sputtering resulted in a lower amount of
oxidation. Therefore, experiments conducted on Mo indicate that Mo emitters can be
successfully operated even in the presence of oxygen in a narrow operating regime.
Similar experiments were performed on carbon nanotubes. A comparison was made
between single-walled nanotubes (SWNTS) purchased from two different vendors. In
addition, a comparison between the field emission characteristics of multi-walled
(MWNTSs) and single-walled nanotubes was done. The XPS and UPS results on flat
samples showed that at elevated temperatures the SWNTSs become oxidized by the
absorption of water into the nanotube cavity. It is believed that nanotube caps become
opened at elevated temperatures allowing the uptake of HO. This uptake of water
however, does not have an effect on the work function. FEED experiments suggested

that SWNTs are not oxidized when field emitting in the presence on O,. They do
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however appear to be sputtered to some extent over the entire range of currents (2pA-
5nA) at which they were operated. At 5nA the work function showed up to a 24%
difference after 1000L O, exposure. Unlike the Mo tips operated at 5nA the SWNTSs
were not totally destroyed since emission was till observed. Field emission from
MWNTSs required a larger turn on voltage, which was likely due to their larger diameters.
FEED experiments showed that MWNTSs appear to have a larger work function. The
work function derived from FEED gave avalue of ~ 7.4eV as compared to 4.2eV for the
SWNTs. Thislarger value was attributed to shifting of the FEED peak due to charging of
the tip, which is a result of their high resistivity. SWNTSs are therefore a better candidate
for afield emission materia since their geometry provides alow turn on voltage, yet they
are susceptible to sputtering.

Field and photoemission experiments done on aluminum suggest that it is not a
good candidate as afield emitting material. Thermal experiments showed that heating
aluminum to 125 °C is sufficient to change the work function. Thisis may possibly be
due to the diffusion of aluminum atoms through the oxide thereby exposing Al metal.
This exposed meta readily re-oxidizes. Even though athin oxide exists, field emission is
still possible. XPS and UPS studies of sputtered and unsputtered aluminum samples have
shown the possible existence of suboxides of aluminum with both higher and lower work
function than that of pure duminum. From the sputtering experiments the work function
of these oxides appears to be coverage dependent, that is, when the oxide film isthin (2-3

monolayers) the work function is lowered as has been reported by others. We did not
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determine these work functions are the result of hydrates or hydroxides of aluminum.
Unlike the Mo and SWNTs the aluminum tips used in the field emission experiments
were not exposed to oxygen while in operation, so their emission characteristics in the

presence of oxygen was not determined.
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