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The interaction of active molybdenum field emission microcathode arrays with 

oxygen, water, carbon dioxide, methane, hydrogen and helium gases was studied. 

Experiments were setup to measure the emission characteristics as a function of gas 

exposures. The resulting changes in the surface work function of the tips were determined 

from the Fowler-Nordheim plots. The kinetics of the FEA-gas interaction were studied 

by observing the ion species originating from the array during and after gas exposures with 

a high resolution quadrupole mass spectrometer. With the work function data and the 

mass spectrometry information, the mechanisms responsible for emission degradation and 

subsequent device recovery after exposures have been determined. 

The data obtained was used in estimating the device lifetimes under various 

vacuum environments. Also it was found that the gas exposure effects are similar in dc 

and pulsed modes of operation of the arrays, thus permitting the use of dc mode testing as 

an effective acceleration method in establishing the device lifetimes under various vacuum 

conditions. The vacuum conditions required for the long term emission current stability 

and reliability of vacuum microelectronic devices employing FEAs are established. 

Exposure of Mo field emitter arrays to oxygen bearing species like oxygen, water 

and carbon dioxide resulted in serious emission current degradation. Whereas, exposure 

to methane and hydrogen caused a significant increase in emission current. The control of 



residual gases like 02 , C02 and H20 in the vacuum envelope is essential for the emission 

current stability and long term reliability of vacuum microelectronic devices employing 

field emission microcathode technology. 
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CHAPTER 1 

INTRODUCTION 

1. Introduction 

Spindt-type molybdenum field emission microcathode arrays (FEAs) are being 

pursued as high brightness electron sources in applications ranging from field emission 

displays to high speed RF devices [1-3]. The driving force behind the current interest in 

field emission arrays is the development of high resolution field emission flat panel displays 

(FEDs) [4,5]. For FEDs to become integral to commercial display systems, a better 

understanding of the cathode lifetimes and reliability of the arrays under extreme operating 

conditions is required. One facet of the device reliability requires an understanding of the 

sensitivity of the emitters to various residual gases within the vacuum envelope. 

Field emission is the tunneling of electrons from the metal into vacuum under the 

influence of a very high electric field and the emission current strongly depends on the 

work function of the surface [6,7]. Thus, field emission arrays are extremely sensitive to 

contamination of the tips to various residual gases present in the vacuum envelope [8,9], 

These gases, apart from changing the surface properties of the tips, are ionized by the field 

emitted electrons. The impact of these ions on the tips cause surface modifications leading 

to emission current instabilities and subsequent device failures. Thus a fundamental 



understanding of the sensitivity of the field emission arrays to various gases is required in 

determining the long term emission current stability and the device reliability. In a typical 

vacuum environment, the various residual gases present are oxygen, water, carbon 

dioxide, carbon monoxide, methane, hydrogen and helium. 

Similar vacuum problems have been encountered during the development of 

reliable thermionic cathodes for the vacuum tube electronics. Extensive studies have been 

made on the effects of residual gases on electron emission characteristics of W and BaO 

type impregnated thermionic cathodes [10]. It has been clearly established that gases like 

02 , H20, CO and C02 which act as oxidizing agents on metals cause serious poisoning of 

thermionic cathodes [11-13]. Though exposures to oxygen cause the most serious 

emission degradation from thermionic cathodes, during the operating life of a device, the 

presence of significant amount (partial pressure >10'10 Torr) of any residual gas leads to 

device failures. In vacuum tube electronics, the problems arising from gaseous poisoning 

of cathodes have been successfully addressed by better vacuum processing and the 

incorporation of suitable getter pumps inside the tube envelope. 

The vacuum issues are much more serious in the case of field emission arrays. The 

presence of high electric fields and high density electron beams result in the dissociation 

and ionization of the residual gases. The impact of these ions with the tips leads to tip 

shape and surface modifications resulting in serious emission degradation and emission 

current instabilities. The problems are also compounded by the fact that FEAs operate at 

room temperature and the tip surfaces have a relatively high sticking coefficient when 

compared to the hot filament thermionic cathodes. The small dimensions of the panels 



significantly reduces the pumping capacity of the getter pumps. Thus, reliable data on the 

lifetime of the devices under various residual gas environments is required in order to 

establish the vacuum requirements for the successful operations of devices based FEAs. 

2. Surface Physics of Field Emission Microcathode Arrays 

This chapter presents a synopsis of the scientific and technological challenges to 

the development of vacuum microelectronic devices employing field emission 

microcathode arrays. A discussion of the critical problems relating to the long term 

reliability and device stability issues is outlined. The challenges to the integration of the 

FEA technologies into applications like high resolution displays is discussed. 

Brodie and Spindt [2] have presented a comprehensive review of the technology of 

vacuum microelectronic devices and Schwoebel and Brodie [8] have discussed some of 

the important issues and related surface science aspects of vacuum microelectronics 

devices. The residual gas environment within the device during cathode operation can 

significantly impact the long-term current stability and the lifetime of these arrays. 

A problem of scientific and technological interest is the effect of gaseous 

exposures and the resulting emission changes from the FEAs. This has serious 

implications in applications ranging from field emission displays to high intensity RF 

sources employing field emitters as bright sources of almost monochromatic electrons. 

The interaction of residual gases with the field emitter arrays modifies the work function 

of the tip surfaces and emission current changes according to the Fowler-Nordheim 

tunneling equations [14]. Thus a careful study of the effect of various gases on the 

emission characteristics and the resulting work functions changes is needed. 



The nature of the residual gas - molybdenum field emitter array interaction in the 

presence of strong electric fields and high density election beams needs to be understood. 

Emission degradation of the field emission cathodes can occur in many ways. Adsorption 

of gases on the tip surface can result in a work function change, thereby changing the 

emission current. High field-induced chemical reactions also play an important role in 

determining the surface chemistry and physics of theses devices during their operation 

[15]. In a typical Spindt-type cathode array, the anode to tip spacing is about 0.5|xm. For 

gate voltages of 50 to 100 V, electric fields as high as 108 V/m can be achieved near the 

tips. With such high fields, field dissociation of gases can occur near the emitter surface 

[16]. The resulting ions and free radicals can further modify the geometry of tip surfaces 

and change the work function and thus the emission. Ion impact on the field emitter tips is 

thought to be responsible for current instabilities and subsequent device failures in FEAs 

[8,9]. Understanding the mechanisms of ion production and ways to inhibit ion formation 

is of great interest in the development and incorporation of these devices into commercial 

systems. However, this problem has so far only been studied theoretically [17, 18]. 

To understand the reaction dynamics and mechanisms of degradation, an in situ 

quadrupole mass spectrometer was employed to monitor the production of ions from the 

field emitter arrays during gaseous exposures. 

3. Interaction of Gases with Molybdenum 

Currently, molybdenum field emitter arrays are used because of the good thermal, 

mechanical and electrical properties of molybdenum. Mo has a low resistivity and a high 

melting point, thus high currents can be sustained without tip failures. Mo is compatible 



with common microelectronic manufacturing processing allowing it to be readily produced 

using standard semiconductor process equipment. 

The interaction of molybdenum has been studied extensively because of its 

applications in high temperature and high stress environments. Molybdenum and 

molybdenum oxides are used extensively as catalysts in the chemical process industry and 

as a catalytic converters in automobile exhaust systems. Preliminary studies on the effect 

of CH4, H2 and CO2 on Mo FEAs have been made by Itoh, et al, [19], where they studied 

the emission current as a function of ambient gas pressure. They reported that exposures 

to CH4, H2 resulted in emission current enhancement and CO2 produced emission 

degradation. They did not study the interaction of the arrays with oxygen and water, even 

though they are expected to be present in the device vacuum envelope and readily interact 

with Mo forming molybdenum oxides. 

The interaction of oxygen with molybdenum has been extensively studied to 

understand the oxidation and formation of molybdenum oxide. However, most of these 

studies have been in limited to the interaction of oxygen with single crystal molybdenum 

[20-24]. The interaction of oxygen with molybdenum in the presence of high electric 

fields was made by Okuyama using field emission spectroscopy [25]. He found that the 

reaction results in the formation of molybdenum oxide surface layers. However, the 

interaction of oxygen with Mo the presence of high electric fields and high density electron 

beams, such as those present in active FEAs has not been reported. 

Methane is a stable gas that is present in vacuum systems. Initial studies of 

methane on Mo date back to the early part of this century. Molybdenum carbides have 



been prepared by passing CH4 over hot Mo surfaces [26]. Itoh, et al has studied the 

effect of methane on the emission characteristics of active field emitter arrays as a function 

of methane ambient in the system [19]. They find that the presence of methane increases 

electron emission from the field emitter. Currently there is a great deal of interest in the 

deposition of diamond like carbon (DLC) coatings on Mo field emitter tips [27]. Cracking 

methane with field emitted electrons might lead to a new way to deposit diamond like 

carbon coatings on the tips. 

Hydrogen is always present in vacuum systems and it is extremely hard to pump it 

out of the system. Hydrogen is known to be highly soluble in Mo, forming loosely bound 

trihydrides. It is also trapped in the interstitials during high temperature processes 

associated with Mo deposition [28], During field emission, hydrogen is expected to 

diffuse out of the bulk and once liberated, it undergoes ionization. Numerous studies have 

been made on the adsorption and desorption kinetics of hydrogen on single crystal Mo 

surfaces [29-32]. Preliminary studies on the effects of hydrogen on molybdenum field 

emitter arrays has been made [19] and they report that in the presence of hydrogen, the 

emission increases. Further studies are needed to understand the mechanism of the 

interaction of the gas with the FEA and to determine device life times in the presence of 

hydrogen. 

The interaction of water on active field emitter arrays has not been studied, even 

though water is expected to cause serious emission degradation in field emitters. There is 

considerable amount of published work on the effects of water on transition metals which 

result in the formation of transition metal oxides. Field emission microscopy (FEM)and 
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field ion microscopy (FIM) studies have shown that the water interaction of Pt field 

emitter tips result in the formation of oxygen adlayer on the surface of the tips [33]. Field 

induced surface reactions resulting in the formation of parent ions, fragment ions and 

ionized associates like H30+ have also been reported [34], In view of the fact that the 

effects of water on the emission characteristics of active FEAs are not known and the 

presence of water in vacuum systems is unavoidable, detailed experimental data relating 

device emission characteristics and resulting lifetime issues need to be addressed. 

4. Scope of the Present Work 

The purpose of this work is to study the interaction of active molybdenum field 

emitter arrays with common gases like oxygen, water, carbon dioxide, helium, hydrogen 

and methane. The experimental work measured the emission characteristics of the FEAs 

as a function of the gas exposures and determined changes in the surface work function of 

the tips. A high resolution quadrupole mass spectrometer (QMS) was employed to 

monitor the ion species resulting from the field emitter array - gas interaction. This 

provides a direct in situ method for monitoring the interaction kinetics under ultrahigh 

vacuum conditions. The data obtained from these measurements, permit estimation of the 

device lifetimes and the required vacuum conditions for the long term emission current 

stability and reliability of FEA based vacuum microelectronic devices. 
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CHAPTER 2 

FIELD EMISSION THEORY AND FIELD EMISSION 

MICROCATHODE ARRAYS 

1. Introduction 

The theory of electron emission from metals under the influence of strong electric 

fields has been given and applied field electron and ion microscopy, adsorption and 

desorption from surfaces, metal and semiconductor interface studies by Gomer [1], Dyke 

and Dolan [2], Swanson and Bell [3] and Gadzuk and Plummer [4]. 

Although field emission was by observed by R.W. Wood in 1897 [5], theoretical 

predictions of the current - voltage characteristics were not particularly successful, 

because field emission was viewed as a classical process in which electrons were thermally 

activated and traversed a field reduced potential barrier [6]. A satisfactory theoretical 

explanation of field emission had to wait for the advent of quantum mechanics. Using 

Schrodinger's wave theory, Fowler and Nordheim satisfactorily explained field emission as 

the quantum mechanical tunneling of electrons from the metal into vacuum under the 

influence of the applied electric field [7]. The equation they derived, now commonly 

referred to as Fowler-Nordheim (F-N) equation, describes the relation between the 

emission current density J, the surface work function <I>, and the applied electric field 

10 
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strength F. 

2. Field Emission Theory 

2.1. Field Emission 

For electrons to escape from a metal surface, they need to have sufficient energy to 

overcome the potential barrier across the metal vacuum interface. This quantity is called 

the work function (<E>) and corresponds to the potential difference between the Fermi level 

(EF) of the metal and the field free vacuum (Ev). The work function is a surface property 

of the material and depends on the electronic structure and orientation of the crystal plane. 

It differs for different crystallographic orientations. For example, crystalline molybdenum 

has reported work functions of 4.36 eV for the (112) face to 4.95 eV for the (110) 

crystallographic orientation [8]. The work function plays a dominant role in determining 

electron emission characteristics of metals. 

The potential energy diagram for of an electron at a distance x from the metal 

surface with the applied field strength being F at the surface of the metal is shown in 

Figure 2.1. The term -e2/2x arises from the attraction between the electron and the 

induced positive image charge on the metal, where as -eFx is the potential on the electron 

due to the applied electric field F at the metal surface. Thus the effective potential of the 

electron at a distance x from the surface with an applied electric field F at the surface is 

given by the equation: 

V(x) = (EF + O - e2/4x - eFx) for x > Xc (2.1) 

V(x) = 0 for x < Xc (2.2) 
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- e2/2x 

METAL VACUUM 

OX, Xn 
POSITION X ( A ) 

Figure 2.1 Potential energy of an electron in the vicinity of a metal surface with a 

work function of <E>, -e2/4x term shows the correction due to the electron 

image potential, -eFx is the applied field term. 
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where xc = e2/[4(EF + <$)] such that V(xc) = 0. The applied electric field F lowers the 

potential barrier and the effective barrier height can be obtained by setting dV(x)/dx = 0. 

The barrier reaches a maximum at a distance xi = (e/4F)1/2 from the metal surface and this 

position is called the Schottky saddle point. In the presence of the field F, the maximum 

barrier height is reduced by AO = -(e3F)1/2. Thus the effective work function <J>eff is given 

by 

<Deff = 0 - e 3 / 2 F 1 / 2 (2.3) 

and this is called the Schottky effect. The barrier width at the Fermi energy level is 

Ax = (4>/e F) without taking image potential into consideration (2.4a) 

and with the image potential taken into consideration, the barrier width is given by the 

following equation: 

Ax = [(O/e F)2 - 2lF]m (2.4b) 

For quantum mechanical tunneling of electrons to occur, the amplitude of the 

uncertainty in the position of the electron at EF has to be comparable to the barrier width 

Ax from equation (2.4). The uncertainty in position (x) of the electron is related the 

momentum (p) of the electron through the Heisenberg's uncertainty relation Ax. Ap ~ 

hi2K, where h is the Planck's constant. The uncertainty in the momentum of the electron 

at the barrier height <E> is Ap = (2mO)l/2 where m is the electron rest mass. Substituting 

Ap = (2mO)1/2 in Ax . Ap = hi2%, gives the uncertainty in position Ax: 

Ax s h/(2n.Ap) = h/[2TZ. (2mO)1/2]. (2.5) 

For field emission to occur, the barrier width Ax should be comparable or smaller than the 
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uncertainty in electron position Ax. This gives the field strength requirements for field 

emission to occur: 

(<D/eF) = h/[2%. (2m®)"2] 

or F«[47c(2m03)1/2/e/i]. (2.6) 

For metals with a surface work function of 4.5 eV, the width of the tunneling barrier 

ranges from 45 A at 3xl07 V/cm to 4.5 A at 3xl08 V/cm. Therefore for fields F > 3xl07 

V/cm, appreciable tunneling is expected to occur [1]. 

The Fowler-Nordheim model for cold cathode field emission assumes that the 

metals has a uniform planar surface at OK and the Fermi-Dirac statistics are valid for this 

problem. The number tunneling electrons depends on the supply function N(E) dE, the 

total number of electrons with energy between E and (E+dE) hitting the barrier and the 

transmission probability D(E) of the electrons through the barrier. Thus, the number of 

electrons with energy between E and (E+dE) tunneling to the other side of the potential 

barrier is given by: 

P(E) = N(E) D(E) dE (2.7) 

The total current density (Jt) of the tunneling current is calculated by integrating P(E) over 

all the energy ranges and 

Jt = e J P(E)dE = e 1 N(E)D(E)dE. (2.8) 

The barrier penetration probability is obtained by solving the Schrodinger wave equation. 

For metals in the free electron gas model, it is given by the WKB approximation [1]. 

After further calculations, the final form of the current density take the from [8]: 
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1.56 xlO"6 F2 

Jt = exp[ -6.44 xlO Oj/2v(y)/F ] (2.9) 

O t2(y) 

where Jt = current density in A/cm2, F = field strength in V/cm, <J> = the surface work 

function of the metal in eV, v(y) is the Nordheim's elliptic function that takes into 

account the image force and t(y) another elliptic function which is almost equal to one. 

The variable y = 3.79xl0"4 (F1/2/<E>). 

2.2. Fowler-Nordheim Equation 

The measured field emission current I is related to the current density Jt and the 

total area of the emitting surface A: 

I = J, A (2.10) 

The electric field strength F depends on the tip geometry and is given by 

F = pV (2.11) 

where (3 geometric factor which takes the emitter shape into account. Substituting, F and 

Jt factors in equation (2.10), one obtains the final form of the equation for field emission 

current: 

1.56 xlO'6 |3V2A 
I = exp[ -6.44 xlO7 <D3/2v(y)/(pV) ] (2.12) 

O t2(y) 

This equation is referred to as the Fowler - Nordheim (F-N) equation. For metal field 

emitters, the plot of log(I/V2) versus 1/V gives a straight line and is called a Fowler -

Nordheim plot. The slope of the line depends on the geometry and the surface work 

function of the metal. Fowler-Nordheim equation is generally written in a simpler form: 



16 

I = aV2 exp (-b 3>3/2/V) (2.13) 

where a and b are considered constants. The values of a and b can be determined from the 

current -voltage (I-V) characteristics. By measuring I, V and dl/dV at any point on the I-

V curves, value of b at a specific current can be obtained from the following equation: 

dl/dV = (1/V)(2 + bN) (2.14) 

Substituting the value of b in (2.14) gives the value of the parameter a. Assuming that the 

geometrical factors remain unchanged, the slope of the Fowler-Nordheim plot can be used 

to monitor changes in the surface work function. As can be seen from equation (2.13), the 

slope (m) of the F-N plot is proportional to <&3/2. The dependence of the slope of F-N plot 

on the work function, has been used to measure relative changes in work function 

resulting from surface modifications and to study adsorption and desorption kinetics of 

gases on clean metal surfaces [9]. 

2.3. Selection of Tip Materials 

Field emitter tip materials should have a low work function, good thermal, 

electrical and mechanical properties and capable of withstanding extremely high electrical 

stresses. The material should also be well suited for processing using standard 

microfabrication technologies. Apart from the surface work function O of the material, 

geometric factors like the aspect ratio play a significant part in determining the emission 

characteristics. The need for creating emitter tips with high aspect ratios imposes critical 

requirements on the materials that could be used as field emitter cathodes. 

It is hard to find one material which satisfies all the above requirements. For 
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example, group I and II metals have a low work function among the elements, but they are 

chemically reactive and are not suitable for making high aspect ratio structures. Group IB 

elements like Ag, Au have excellent electrical properties, but have a higher work function 

and poor mechanical properties. Rare earths and transition metals are inert, mechanically 

strong and have the highest reported melting points. Thus W, Mo, Zr, Ir are some of the 

most commonly used thermionic and field emitter materials [10]. Table 2.1 lists the 

relevant electrical, electronic and thermal parameters for important rare earths, transition 

and noble metals. 

The aspect ratio (height/bottom diameter of the cone) of the emitters is an 

important factor in determining the emission characteristics. A higher aspect ratio results 

in a substantial decrease in the required gate voltage. Itoh, et al, measured the aspect 

ratios that can be achieved with different metals in a Spindt type field emitter geometry. 

The reported aspect ratios for Mo, Ti, Nb, Zr and Cr are 1.3,0.5, 2.0,0.8-0.9 and 1.43 

respectively [13]. From the data in table 1 and the measured aspect ratio indicate that Mo, 

Nb and Cr are preferred candidates. But for historical and manufacturing reasons, Mo has 

been the material of choice in the current generation of field emitter arrays. 

There are serious disadvantages in using metals in elemental form. Frequently, 

pure metals like Mo are susceptible for oxidation by residual gases like O2, H20, CO2 and 

CO present in the vacuum envelop of the device [14]. To avoid problems from the 

degradation of the tips, several alternate materials are being studied in laboratories around 

the world. Refractory carbides, have lower work function than the refractory metals and 



18 

Metal Work 
Function 
(eV) 

Melting 
Point 
(°C) 

Electrical 
Resistivity at 0°C 
(108 Q-m) 

Thermal 
Conductivity at 
27°C (W/cm-K) 

Titanium 4.33 1668 39 0.219 

Zirconium 4.05 1855 38.8 0.227 

Niobium 4.3 2477 15.2 0.537 

Chromium 4.5 1907 11.8 0.937 

Molybdenum 4.6 2623 4.85 1.38 

Tungsten 4.55 3422 4.82 1.74 

Rhenium 4.96 3186 17.2 0.479 

Ruthenium 4.98 2334 7.1 1.17 

Iridium 5.27 2446 4.7 1.47 

Nickel 5.15 1455 6.16 0.907 

Palladium 5.12 1554.9 9.78 0.718 

Platinum 5.65 1768.4 10.5 0.716 

Table 2.1 Summary of thermophysical and electronic work function data for some 

common rare earth, transition metal and noble metal field emitter 

materials. The work function for polycrystalline metals was adopted from 

Michaelson's work function compilation [11]. The thermophysical data 

was taken from the CRC Handbook of Physics and Chemistry [12]. 
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are less susceptible to surface contamination by oxygenic species [15]. In addition, 

attempts have been to deposit thin films of diamond on the molybdenum field emitter 

arrays [16]. 

3. Spindt Type Field Emission Microcathode Arrays 

Until recently, the use of field emitter tips was limited to applications in field 

electron and ion microscopes. Currently, there is a growing interest in the development of 

vacuum microelectronic devices and technologies based on large arrays of field emitter 

cathodes. Creation of large field emitter cathode arrays (FEAs) has been made possible 

with Spindt's deposition process for the fabrication tips [16]. This breakthrough made it 

possible to create large field emitters arrays using common microfabrication technologies 

employed in the electronics industry. 

The integration of field emitters and advanced microelectronic technologies, makes 

it possible to create FEA vacuum microelectronic devices. The high current density, low 

power requirements and the ultra high speed switching that can be accomplished with 

ballistic electrons makes these devices suitable candidates in high resolution displays and 

high speed RF applications. Utsumi presented a comparative analysis of the field emitter 

vacuum microelectronics and silicon based semiconductor technology [17]. The major 

advantages of vacuum microelectronic devices include ultra high speed switching, higher 

power output, large temperature range and beam focusing and deflection capabilities. But 

the major stumbling block is the requirement of a high vacuum in the device. Other 

vacuum related problems are the emission current instabilities and device failures resulting 

from the contamination of the emitter tips by the residual gases in the vacuum panels. 
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Thus the major focus of this dissertation is to study the effects of various gases on the 

emission characteristics of these devices. 

The arrays studied in this work were made by LETI [18] and performance 

characteristics of similar devices have been reported in the literature [19]. A schematic 

cross sectional view of the field emitter arrays is shown in Figure 2.2(a) and Figure 2.2(b) 

shows a scanning electron microscope (SEM) image of a section of the field emitter 

array. The cathode was fabricated on a 1 mm thick, square soda lime glass substrate with 

each side of the substrate measuring 10 mm. The molybdenum tips are confined to a 

circular area of 20 mm2 in the center of the substrate. Spindt type tips are arranged in a 

4x4 mesh arrays, with each square mesh measuring 50fim x 50|j,m. The total emission 

area contains = 2.8xl06 individual emitters. The Mo tips are positioned atop a resistive 

layer of amorphous silicon for limiting the emission current from each tip and to avoid 

catastrophic failures resulting from sudden impedance collapse. A thin layer of niobium 

metal deposited on top of the Si02 gate dielectric serves as the gate electrode. In the 

FEAs studied in this work, the gate elements are tied to a single external electrode. 

3.1. Emission Characteristics 

The current - voltage (I-V) characteristics of a Spindt type FEA (device # PC-5) 

are shown in Figure 2.3. A positive bias (Vg) is applied between the Mo cathode and the 

gate electrodes and the field emitted electrons leaving the array are collected on a platinum 

coated silicon wafer which works as the anode. The potential on the anode was kept at 

+300 V with respect to the cathode. For all the FEA studied in this dissertation, the gate 

voltage threshold for measurable field emission current was = 36-40 V. The 
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(a) 

Mo Tips 
Nb Gate 

1.5 Jim 

(b) 

Figure 2.2 (a). Schematic of a Spindt-type molybdenum field emitter. 

(b). A scanning electron microscope micrograph of a section of the FEA. 
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peak emission current was between 500 and 1000 (i,A at a gate voltage (Vg) of 60 V. The 

emission current reaching the gate electrode was less than 20% of the current reaching the 

anode plate. The arrays have been shown to be capable of operating at these current 

levels for several hundred hours in the dc mode without any significant emission 

degradation. 

3.2. Application of Fowler-Nordheim Theory to FEAs 

For a simple field emitter, the relation between the gate voltage V and emission 

current I is given by the Fowler-Nordheim (F-N) equation: I = aV2exp(-&03/2 /V) where <E> 

is the workfunction, where a depends primarily on the emission surface area and b is the 

geometry factor and depends on tip shape and the radius. Changes in the work function 

are reflected in the slope (m) of the F-N plot: the slope (m) of the log(I/V2) vs. 

1/V plot is proportional to O3'2 [20]. If the work function of the clean surface is known, 

the modified work function (Od) after gaseous exposures is Od = (md !mc)
m O c , where 

mc and md are the slope of the F-N plot for the clean and modified field emitters 

respectively. 

In the field emitter arrays tested, a layer of amorphous silicon is placed 

below the molybdenum emitter for current limiting and thereby preventing catastrophic 

failures. The resistance of the amorphous silicon layer thus depends on the emission 

current. Therefore, to accurately calculate the changes in the slope of the FN curves, the 

voltage drop across the amorphous silicon layer has to be taken into account. Various 

models for estimating the resistance for such arrays have been proposed [19, 21]. But by 
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Figure 2.3 Current - voltage characteristics of a Spindt type Mo field emitter array: 

(a). Schematic of a measurement circuit (b). I-V characteristics of the 

FEA and (c). F-N plot for a linear fit for Vg between 40 and 50V. 
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fitting the data in the low emission current regime, the perturbation induced by the 

resistive layer can be avoided. Thus good estimates of the values for slope of the F-N 

curve can be obtained. This makes it possible to measure changes in work function 

resulting from gaseous exposures. 
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CHAPTER 3 

EXPERIMENTAL SETUP AND INSTRUMENTATION 

1. Introduction 

A description of the experimental apparatus and the measurement electronics is 

presented. The effect of gas exposures on active field emission arrays (FEAs) was 

examined by studying emission characteristics during the gaseous exposures and the 

resulting changes in the work function of the tips. A high resolution quadrupole mass 

spectrometer (QMS) was employed to monitor the ionic species emanating from the tips 

during gas exposures and during subsequent recovery of the active array under UHV 

conditions. This enables a better understand of the reaction dynamics and the interaction 

chemistry during and after gas exposures. 

2. Gas Exposures on FEAs - Emission Studies 

The apparatus shown in Figure 3.1 consists of a Perkin-Elmer TNB-X/1000 ultra 

high vacuum (UHV) analytical chamber equipped with an ion pump and a titanium 

sublimation pump. A turbo molecular pump was used for initial pump down into the high 

vacuum range. After a bakeout at 150 °C for 24 hours, the system routinely attains a base 

pressure of = 2xlO"10 Torr. This low operational base pressure assures control of the 

residual species for the field emission array ambient. A sapphire sealed variable leak 
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Figure 3.1 Schematic layout of the experimental apparatus for studying the effects of 

gas exposures on active field emitter arrays. 
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valve was used for introducing the gases into the system. This apparatus permitted 

control of gas partial pressures from 5xlO"10 to 5xl0"6 Torr. The gas partial pressure in 

the system was measured with a UHV nude ionization gauge. The reported gas exposures 

are the product of the uncorrected (for the sensitivity of this gauge to the gas introduced) 

ionization gauge reading and the time of exposure in units of Langmuirs 

(1L= l.OxlO"6 Torr. sec). 

The field emitter array was mounted onto a ceramic base, attached to a precision 

UHV manipulator. The cathode is normally grounded and the gate electrode is positively 

biased for field emission. The effects of contamination of the cathode array from anodes 

coated with cathodoluminescent or metal-oxides have been reported [19]. To avoid such 

spurious effects, the emitted electrons in this study were collected on an inert platinum 

coated silicon anode, positioned 1 cm away from the device. This anode is mounted on a 

UHV linear motion feedthrough. The gate to cathode potential (Vg), the gate current and 

the current reaching the anode (Ia) were monitored. 

Instrumentation and data acquisition electronics setup is shown in Figure 3.2. 

Power supplies, measurement electronic devices are equipped with the IEEE-488 interface 

and connected to a personal computer with an IEEE-488 card installed in it. Automated 

data acquisition and control is accomplished with LabView data acquisition software using 

the IEEE-488 interface bus [1]. LabView is a graphical programming platform with each 

icon acting as a virtual instrument. With the appropriate drivers for the measurement 

electronics, it provides a user friendly environment for data acquisition over the IEEE-488 

interface bus. The data were acquired every ten seconds during each measurement. 
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Figure 3.2 Schematic of the instrumentation and data acquisition electronics setup 

used for measuring the effects of gas exposures on active FEAs. 
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Experiments were performed with the gate biased under both constant (dc) and 

pulsed modes in order to examine the emission degradation under time-dependent gate 

potentials. The anode potential was kept constant at +300 V with respect to the cathode. 

In the dc mode exposures, the interaction of active FEAs with gases was studied by 

measuring the emission characteristics as a function of total gas exposures. After 

activating the array at Vg = 60V, high purity gases were introduced into the system 

though the leak valve. Typical exposures typically lasted for 1000 seconds at partial 

pressures ranging from lxlO"9 to 5xl0"6 Torr (corresponding to total exposures of 

0-10000L). The emission current was monitored with a Keithley 485 picoammeter and 

1-V characteristics of the array were measured before and after each exposure. Changes in 

the workfunction are estimated from the changes in the slope of the F-N plots [2]. 

In the pulsed mode of operation, the gate voltage (Vg) is switched on and off at 

the desired rate and duty cycle using a high speed switching circuit with rise and fall times 

= 1 nsec/volt. A programmable pulse generator, HP model 8116A, provides the 

necessary control signals to the high speed switching circuit, whose output modulates 

between 0 and Vg. The electron current waveform measurements were performed with a 

Lecroy 9310L digital storage oscilloscope. 

3. Gas Exposures on FEAs - Ion Mass Spectrometry 

With their high current densities, field emitter arrays are efficient ionization 

sources [3,4]. The charge state distribution and relative intensities of various ions 

produced by the FEA during gaseous exposures were examined with an experimental 

setup as shown in Figure 3.3. The anode is mounted on a linear motion feedthrough and 
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Figure 3.3 Ion detection setup showing the FEA, quadrupole mass spectrometer and 

the ion acceleration grids. 
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can be moved away from the field emitter array, thus permitting line of sight access to a 

high resolution quadrupole mass spectrometer (QMS) equipped with a channeltron 

detector. Acceleration grids were positioned in this line of sight and biased to accelerate 

the positive ions produced by the array towards the QMS. The grids Gl, G2, G3 and 

QMS entrance electrode are positioned 2 cm apart and the potentials on these elements 

were optimized by maximizing the detected signal. Potentials of -75, -100, -125 V were 

placed on Gl, G2 and G3. A voltage of -135 to -150 V was applied on the QMS entrance 

electrode resulted in higher channeltron output signal intensities. The ionizer on the QMS 

was turned off, so that the ionic species recorded are produced solely by the field emitter 

array. The mass spectrometer is computer controlled and has the capability to multiplex 

over eight m/q values. The production of negative ions was not examined in this study. 

To understand the device recovery mechanism after the gas exposures, atomic and 

molecular ions produced during the device recovery were also monitored. 
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CHAPTER 4 

OXYGEN DEGRADATION OF ACTIVE FIELD EMITTER ARRAYS 

1. Introduction 

In this chapter, results of the experimental measurements on the interaction of 

oxygen with active Mo field emission arrays (FEAs) are presented. The emission and 

device recovery characteristics as a function of total oxygen exposures were measured. 

From the Fowler-Nordeheim (F-N) curves, the relative changes in the work function as a 

function of oxygen exposure, was estimated. A high resolution quadrupole mass 

spectrometer was employed to monitor the ionic species originating from the arrays during 

exposures and during device recovery under ultrahigh vacuum conditions. This enables a 

better understand of the reaction dynamics and the interaction chemistry during and after 

O2 exposures. Device lifetime issues resulting from oxygen exposures are discussed and 

lifetime as a function oxygen partial pressure is determined. Utilizing this data, the 

vacuum requirements for the long term operation of vacuum microelectronic devices using 

FEAs are established. 

Measurements on the effects of CH4, H2, CO and S02 on Mo field emitter arrays 

have been reported by Itoh, et al. [1,2]. They found that exposure of Mo field emitter 

arrays to CH4, H2 resulted in emission enhancement and exposures to CO and S02 
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produced substantial emission degradation. However, they did report on the interaction of 

Mo FEAs with oxygen with the FEAs, even though oxygen is expected to be present 

within the device envelope and readily interacts with Mo forming molybdenum oxides. 

Molybdenum and molybdenum oxides are used extensively in high temperature 

applications and as catalysts in chemical process industry [3,4]. Most of this work has 

been limited to the study of oxygen interacting with single crystal Mo [5-9]. However, the 

interaction of oxygen with molybdenum surfaces in the presence of high electric fields and 

high density electron beams such as those present in active FEAs has not been reported. 

2. Oxygen Exposures on FEAs - Experimental 

Experiments were performed with eight Spindt type field emitter arrays to 

determine the rate of emission current degradation under various oxygen exposures in 

order to establish the acceptable O2 partial pressure in the displays for commercially 

viable products. Unless specified otherwise, for all measurements reported here, the gate 

and anode potentials were set at 60 and 300 V positive with respect to the cathode. After 

a thorough bakeout, initial activation of the device is performed. The device was qualified 

as fully activated once the change in emission current is less than 0.5% in a 60 minute 

interval. The initial activation of the array can take well over 24 hours. 

After the initial activation and performance characterization of the device, the first 

set of measurements studied the effect of 0 2 exposure on the device in the OFF condition: 

i.e. all array elements were grounded during 0 2 exposure. A second set of experiments 

involved exposing a fully activated device when ON (gate potential applied), to a known 

exposure of oxygen at different partial pressures and monitoring the degradation and 
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subsequent recovery. A third set of measurements were pulsed mode measurements at 

1000L of 0 2 at lxlO"6 Torr at duty cycles in the 0.5 - 100% range. The gate voltage is 

the most important parameter in determining the emission and plays a critical role in 

determining the interaction of the device with various gases. Therefore, the effects of gate 

voltage on the device degradation were also studied. 

3. Electron Emission Current Degradation Studies 

3.1. Exposure with Device OFF Conditions 

With the device turned off, exposures to 0, 1,10,100,1000 L (1L =lxl0"6 

Torr *sec) of O2 at lxlO"6 and lxlO"7 Torr ambient pressures were performed. The 

activation of the device after exposure is reproducible to within ~ 5% as shown in Figure 

4.1. From these measurements, it is concluded that a change in the array emission 

characteristics is not detected from O2 exposure with the device OFF. 

3.2. DC Mode Degradation 

After activation, the device was exposed to 1, 10, 100,1000, 10000 L of 0 2 at 

pressures ranging from lxlO"9 to 5.0xl0"6 Torr with the device ON. Upon 0 2 admission 

into the chamber, a decrease in FEA emission current is observed. The extent of this 

emission degradation is established by normalizing the recorded emission current at the 

end of the 0 2 exposure to that obtained in the initial activation. As seen in Table 4.1, the 

extent of degradation over the various pressure regimes is essentially the same for a given 

exposure. The degradation ranged from 6.2 ± 1.3 % at 10 L to 54.3 ± 17.2 % at 1000 L 

and occurs only when the device is ON (see Figure 4.2). For 10000L exposures, the 
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Figure 4.1 Blank control experiments: (a). DC mode activation curves at Vg = 60V, 

after 0-1100L oxygen exposure at lxlO"6 Torr when the device was off. 

(b). Activation curves after 0-1000L exposure to 0 2 at lxlO"7 Torr. 



37 

Exposure 
(L) 

Pressure 
(Torr) 

Degradation 
in Emission 
I (%) 

Average 
Degradation 
in I (%) 

0 1.6xlO"10 0.0 0.0 ± 0.24 

1 l.OxlO"9 5.1 5.0 ±0.24 
1.0x10"* 5.1 

10 l.OxlO"9 4.7 6.2 ± 1.3 
l.OxlO'8 6.1 
l.OxlO8 6.0 
l.OxlO7 8.2 
l.OxlO"7 6.0 

100 l.OxlO"8 18.2 21.3 ±3.9 
l.OxlO"7 19.9 
l.OxlO"7 25.7 

1000 l.OxlO"6 36.3 53.4 ±17.2 
l.OxlO"6 70.5 
l.OxlO"6 50.4 

10000 l.OxlO"5 99.4 99.2 ±0.4 
l.OxlO"5 

Table. 4.1 DC Mode Degradation Summary - Emission degradation as a function of 

total oxygen exposure with the field emitter array operating in the dc mode 

with a gate voltage of 60V. 
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degradation was so complete, no reliable statistics could be obtained. 

After 0 2 exposure, the device was made to recover (i.e., re-activate) under UHV 

conditions until fluctuations in emission current are again < 0.5%. For O2 exposures 

<100L this reactivation is done by leaving the device on in UHV and simply using the field 

desorption cleaning [10]. For the 1000L case, an increase in the gate voltage from 60 to 

70 V resulted in reactivation. For exposures ~ 10000 L, device recovery was not possible. 

The device degradation and recovery data follow a simple exponential behavior. The 

device degradation at various oxygen ambient pressures corresponding to total exposures 

of 0, 1, 10, 100, 1000L of O2 is presented in Figure 4.3. 

The exposure results are independent of the pressure regime in which they are 

made, i.e., it appears that the coverage of chemically active sites on the surface and the 

concomitant change in workfunction determines the device performance in the pressure 

regime examined. Large exposures 3000 - 10000 L, performed in the 10"6 Torr range 

resulted in substantial degradation and the emission current plunges from mA to the |iA 

range. Reactivation in this case is not possible. 

3.3. Work Function Changes 

In order to relate the emission to the surface properties, the changes in work 

function after every exposure were measured. For a simple field emitter, the relation 

between the gate voltage V and emission current I is given by the Fowler-Nordheim 

equation: I = aV2exp(-b03/2 /V) where <t> is the workfunction, where a depends primarily 

on the emission surface area and b is the geometry factor and depends on tip shape and the 

radius. Changes in the work function are reflected in the slope (m) of the Fowler-
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Figure 4.2 DC mode exposures summary: Change in emission current as a function of 

oxygen dose at an operating gate voltage of 60V. This data is the 

cumulative summary of measurements with eight field emitter arrays. 
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l.OxlO"7 and l.OxlO"6 Torr 0 2 ambient, for total exposures of 0, 1, 10, 100 

and 1000 L of O2 respectively. 



41 

Nordheim plot: the slope (m) of the log(I/V2) vs. 1/V plot is proportional to <J>3/2 [11]. If 

the work function of the clean surface is known, the modified work function (<Dd) after 

gaseous exposures is Od = (ma lmc)
m <E>C, where mc and md are the slope of the F-N plot 

for the clean and modified field emitters respectively. 

In the field emitter arrays tested, a layer of amorphous silicon is placed below the 

molybdenum emitter for current limiting and thereby preventing catastrophic failures. The 

resistance of the amorphous silicon layer thus depends on the emission current. Therefore, 

to accurately calculate the changes in the slope of the FN curves, the voltage drop across 

the amorphous silicon layer has to be taken into account. Various models for estimating 

the resistance for such arrays have been proposed [12,13], but it was found that by fitting 

the data in the low emission current regime, the perturbation induced by the resistive layer 

on the slope can be avoided and obtain good estimates of the values for slope of the F-N 

curve. 

The I-V characteristics of the device were measured before and after every 

exposure and a set of I-V and F-N curves for exposures of 0-1000L of oxygen are 

presented in Figures 4.4(a) and 4.4(b) respectively. The change in work function ranges 

from -0.5% for 1L to +13.8% for 100L exposure. Assuming that the average work 

function of molybdenum (based on data from single crystal surfaces) is 4.6 eV [14,15], 

the change in the work function as estimated from the slope of the Fowler-Nordheim 

curves is = 0.3 eV for 10L and = 0.6 eV for 100L exposures. For longer oxygen 

exposures, the work function change could not be estimated from the F-N slopes alone. 
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For exposures 1000L and higher, the slope of the work function changes dramatically and 

this is attributed to the changes in geometry due to ion bombardment and metal oxide 

formation on the tip. From the mass spectral data, the formation of various molybdenum 

oxides is observed during the exposures. A detailed discussion of the chemical nature of 

the degradation mechanism is presented in the following sections. 

3.4. Degradation as a Function of Gate Voltage 

Field emission strongly depends on the applied voltage, geometry and work 

function of the emitting surface. With an increasing gate voltage and emission current, 

electron-residual gas collisions and electron stimulated desorption play a very significant 

role in determining the emission properties of the field emitters. In view of the coupled 

nature of these interactions, it is not possible to separate effects due to the high electric 

field and the field emitted electron density. In the dc mode of device operation, a 1000L 

oxygen exposure result in = 50% emission degradation. The emission degradation as a 

function of gate voltage for 1000L O2 exposures were measured. Emission current as a 

function of oxygen exposure at various gate voltages is presented in Figure 4.5. The 

degradation as function of exposure follows an exponential behavior, with the degradation 

being more rapid at low exposures. This is in agreement with the results shown in Table 

4.1. The extent of degradation increases as a function of gate voltage, from 53% at 60V 

to 92% at 80V. These results suggest that the increased electric field and the associated 

increase in electron current results in an enhancement in the degradation effects. Possible 

mechanisms are presented below with the aid of mass spectrometry data. 
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Duty Cycle (%) Average Emission 
Degradation (%) 

0 0 

0.5 0 

1.0 0.8 ± 3.6 

2.0 4.2 ± 2.0 

5.0 11.9 ± 1.8 

10.0 28.2 ±3.1 

20.0 41.3 ±7.7 

50.0 47.3 ± 6.7 

100.0 53.4 ±17.2 

Table. 4.2 Pulsed mode degradation summary: Emission degradation in the pulsed 

mode of operation for a nominal exposure of 1000L of 0 2 at lxlO"6 Torr 

as a function of duty cycle. 
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3.5. Pulsed Mode Degradation 

Measuring the degradation in dc mode results in a 200% acceleration in device life 

time testing (assuming a 0.5% duty cycle for normal operation), provided emission 

degradation depends only on total exposures and not on the duty cycle. This degradation 

acceleration factor was verified experimentally. To establish dc mode testing as an 

accurate acceleration test, degradation measurements were made in the pulsed mode at 

100 Hz with "on" duty cycles of 0.5%, 5% and 50% and compared these to the dc mode 

of operation (100% duty cycle). The experiments were performed with an oxygen 

ambient at lxlO"6 Torr with a nominal exposure of 1000 L. The data as presented in 

Figure 4.8 corresponds well with the DC mode exposures, after taking the duty cycles into 

consideration. For nominal exposures of 1000L, no degradation was observed for duty 

cycles 0.5% or below (At 0.5% duty cycle, a 1000L nominal exposure corresponds to 

1000x0.005 = 5L of true exposure). The emission degradation is detectable at 1% duty 

cycle and the degradation saturates at about 20% duty cycle. From the experimental data 

presented in Figures 4.6 and 4.7, it is evident that competing processes are responsible for 

the observed emission degradation behavior as a function of duty cycle. 

A simple model suggests that competition between the rates of adsorption and 

field desorption could account for the observed behavior. The most preferred emission 

sites are being degraded first presumably by oxygen adsorption. As these sites fill, the 

formation of MoOx is more difficult and the degradation is much more gradual. 
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4. Ion Production from Field Emitter Arrays 

Studies on the ion species desorbing from clean and active field emitters were 

made in order to understand the device degradation under ultrahigh vacuum conditions. 

To understand the chemical nature of the oxygen interaction with the field emitters, the 

ion species produced during oxygen interaction with the active arrays were directly 

monitored. With the QMS, the charge state distribution and signal intensities of various 

ions produced during oxygen interaction with active arrays were examined. The 

experimental arrangement is shown in Figure 3.3. The ions produced from the O2 

exposure are directed toward the QMS ionizer with a set of grids which are biased so as 

to admit the resultant ions and reflect the emitted electrons. The ionizer of the QMS is 

turned OFF during data acquisition, thus the only source of ionized species is the active 

field emitter array. 

4.1. Desorption from Active Field Emitter Arrays 

The probable causes for field emitter emission degradation include field desorption 

of tip material, modifications of tip shape from ion bombardment, and work function 

changes resulting from the interaction of residual gases with the field emitters. Employing 

in situ quadrupole mass spectrometry, studies on ion desorption from active FEAs were 

made by monitoring the species evolution under UHV conditions. 

It is clear from field ion microscopy (FIM) literature that the molybdenum field 

emitters desorb molybdenum ions with charge states q=l-4 and as molybdenum dimers 

[16]. Using atom-probe time of flight measurements, Krishnaswamy and McLane [17] 

have measured the relative abundance of various molybdenum ions. They found that field 
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desorption from molybdenum produces Mo+, Mo2+, Mo3+, Mo4+ and Mo2+. In the field 

emitter array employed here with over 2xl05 active tips available, additional sensitivity is 

available to enable to the detection of the desorbing species even at low fields. The 

desorption of species from the FEA as a function of gate voltage (0-60V) was measured. 

From the active array, we detected H+, H2
+, Si+, C+, 0+, Mo3+ , Mo2+, M O 7 M O 2

2 + , 

MO2
+ arranged in the order of decreasing signal intensity, as the array recovers. Evidence 

of for the presence of MoH+, MoO+, MoC+ ions was observed near the limit of the 

channeltron detection capability. The ion signal intensities increase with the gate voltage 

and the results are summarized in Figures 8 (a), (b) and (c). The data shows that signals 

increase with gate voltage and are proportional to emission current. Because of the 

coupling of gate voltage and field emission, electron and field induced effects could not be 

separated. Hydrogen ions are the most abundant species and it is speculated that these 

ions may originate from the bulk of the Mo tip. Hydrogen is known to be highly soluble in 

Mo, forming loosely bound trihydrides and is also trapped in the interstitials during high 

temperature processes associated with Mo deposition [18,19]. During field emission, 

hydrogen trapped as interstitials and loosely bound hydrides, may diffuse out of the bulk. 

Once liberated, the hydrogen then undergoes ionization. 

Among the molybdenum ions, Mo3+ is the most abundant, followed by Mo2+ and 

Mo+ in agreement with the FIM atom probe measurements reported in the literature [16, 

17]. C+ ions observed may have originated from residual hydrocarbons from the 

microfabrication processes. Si+ and 0+ ions observed may also originate from electron 

stimulated desorption processes with the Si02 insulating layers [20, 21]. In addition, 0+ 
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could also come from the reduction of MoOx native oxides. 

4.2. Desorption of Ions During Oxygen Exposure 

The interaction of O2 with the field emitter arrays favor the formation of energetic 

and ionized species. In a thermionic electron source, at comparable electron energies 

fragmentation of molecular 0 2 results in the production of 02
+ and 0 + ions. A similar 

effect is expected to occur with the field emitter array as well. The presence of high 

electric fields and high density electron beams associated with the field emitters is 

expected to also result in ionization and/or fragmentation. At high temperatures, 

molybdenum readily reacts with oxygen forming complex molybdenum oxides [3]. Among 

the various molybdenum oxides, MoO, M0O2, M0O3 are stable compounds and the other 

complex molybdenum oxides present are expected to reduce to one of these stable oxide 

states [22]. 

With a gate voltage of 60V and the anode withdrawn, the array faces the QMS 

with a direct line of sight. Starting from a background pressure of 2.0xl0"10 Torr, the 

ionized species emanating from the array were measured at oxygen ambient pressures of 

l.OxlO'9 to l.OxlO"6 Torr and the combined data is presented in Figure 4.9. Perhaps the 

most interesting aspect is the relative abundance of the 0 + species. This is in stark 

contrast to what is observed from a thermionic electron-impact or field ion source exposed 

to 0 2 , where the majority of the ions produced are 02
+ [23, 24]. Mo2+ ions and a smaller 

number of Mo+ ions were also observed. However, a search for other species (e.g. MoO+, 

MO02
+, MO03

+, MO2
+) produced by the 02-FEA interaction did not yield any detectable 

signals. These results suggest that the 0 + ions interact with the Mo tip surface resulting in 
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Figure 4.9 Interaction of the array with 0 2 as observed with the QMS. The device 

was operated in dc mode with a gate voltage of 60V. 
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the formation of MoOx complexes thereby increasing the Mo surface work function, thus 

decreasing electron emission. 

In an oxygen ambient, 0 + ion signals are detectable with gate voltages as low as 

45V and the gate voltage threshold for producing a detectable amount of <V is about 

80V. The Oi signal is an order magnitude smaller than the 0 + signal as seen in Figure 

4.10. No ion signal was detected with the array turned off. The 0 + and O2 ion signals as 

a function of gate voltage at oxygen ambient pressures of l.OxlO"9 Torr and l.OxlO"8 Torr 

are summarized in Figure 4.11. The ion signal intensity depends on the gate voltage, 

indicating the nature of the ionization process, viz. ionization occurs by the field emitted 

electrons which increase in energy and density with gate voltage. 

To compare the field emitter array ionization data with conventional thermionic 

electron impact ionization source, 0 + and O-i ion signals produced by an electron impact 

ionization source (EIIS) and a FEA with similar electron energies and emission currents 

were measured. The results for the FEA and the conventional electron impact ionization 

source (EIIS) are presented in Figures 4.12(a) and 4.12(b) respectively. Similar 

measurements were made at oxygen ambient pressures of lxlO"9, 5xl0"9 and lxlO"8 Torr. 

The results are summarized in Table 4.3 and indicate the relative abundance of 0 + and ( V 

ions in field emission cathode ion sources and EIIS. In a conventional electron impact ion 

source, the dominant pathway for ionization is the direct ionization of 0 2 by electron 

impact. Field ionization of O2 is not likely as the field strength in the FEA is an order of 

magnitude smaller than what is required [10]. Gas supply function and interaction 

volumes suggest that the oxygen ions are produced by electron impact with the field 
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Figure 4.10 QMS signal (with ionizer off) from the interaction of 0 2 at l.OxlO"8 Torr 

with the FEA on and off. (a). Vg = 70V, only 0 + is observed and no 02
+ 

was detected, (b). Vg = 80V, showing the onset of 02
+ signals. 
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Figure 4.11 This is to show the marked difference in the ionization mechanism from 

FEA. (a). Ionization of oxygen by the FEA and (b). Ionization of oxygen 

with a conventional thermionic electron impact ion source. Both FEA and 
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Oxygen Pressure 0+/02
+Ratio 0+/02

+ 

(Torr) (FED) Ratio(EIIS) 

lxlO"9 12.987 0.501 

5xl0"9 12.210 0.204 

lxlO"8 58.275 0.189 (max) 

Table 4.3 Ionization of Oxygen with a field emission arrays and a conventional 

electron impact ionization sources with 70 eV electrons - Relative 

abundance of 0+ and ( V ions. 
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emitter electrons outside the Spindt cavity. The active metal surfaces may act like 

catalysts for the dissociation of molecular oxygen. In the FEA, with their high current 

density electron beams molecular oxygen undergoes dissociation and electron impact 

ionization resulting in the formation of 0+ ions. This result suggests that if oxygen 

(molecular or atomic) is present within a display, the production of 0 + will be relatively 

high, and an abundance of neutral and metastable O is likely to be present. These species 

are expected to be very reactive with the Mo surface. 

4.3. Ion Production During Recovery 

Atomic and molecular ions produced during device recovery after a 1000L oxygen 

exposure were monitored using the QMS. For oxygen exposures below 100L, the 

emission could be recovered by the self cleaning of tips by field desorption. At higher 

doses (> 1000L) array recovery to emission current levels prior to the oxygen exposure 

doesn't occur. To understand the recovery mechanism, the various ion species desorbing 

from the array during the recovery were monitored with the QMS. After exposing the 

active array to 1000L of 02 , the gas was pumped away to yield a system pressure 

< 5xlO"10 Torr. With the anode withdrawn, the FEA directly faces the QMS and the ions 

produced during the device recovery were observed with the quadrupole mass 

spectrometer. The results are shown in Figure 4.13, where the detection of 0+ and a 

smaller number of Mo*4" and 02
+ ions are evident. The ion signals can be eliminated by 

reinserting the anode between the FEA and the QMS. This result confirms that oxygen is 

being removed from the tip surface through a field induced desorption process and 

suggests that oxygen forms a MoOx complex on the tip surface. Oxygen adsorption 
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induced changes in the work function of molybdenum metal films and single crystal 

molybdenum has been documented in earlier studies [25-30]. The formation of such 

molybdenum oxide"complexes from the interaction of oxygen with single crystal 

molybdenum in the presence of high electric fields has been reported [31]. In an active 

field emitter array, the MoOx complex appears to succumb to field desorption and 0+ thus 

can be removed from the surface. No Mo+ and MoOx
+ ions were detected. 

The oxygen induced degradation mechanism proceeds as follows: An oxygen 

bearing species undergoes field-assisted fragmentation followed by ionization by the field 

emitted electrons in the vicinity of the tip. Once ionized, the 0+ ion is accelerated to the 

tip where it reacts with Mo to form MoO. With increasing O coverage of the Mo tip 

surface, an increase in the effective work function occurs, and so the field emission 

decreases in accordance with a Fowler-Nordheim tunneling mechanism. 

5. Oxygen Exposures - Discussion 

It has been demonstrated conclusively that exposure of an active FEA to molecular 

oxygen results in the degradation of emission current, with a 1000 L exposure resulting in 

= 50% emission degradation. Emission degradation of 50% requires a nominal exposure 

of 2xl05 L of oxygen (or =1000L absolute exposure) with a 0.5% duty cycle. This result 

can be used to estimate the permissible O2 partial pressure in a field emission array 

envelope under various operational conditions. This translates to a 50% degradation 

lifetime of 106 sec at 10"9 Torr to 103 sec at 10"6 Torr of O2. With pulsed mode operation 

at the 0.5% duty cycle at a repetition rate of 100 Hz, the lifetimes would increase to 2xl08 

sec at 10"9 Torr and 2xl05 sec at 10"6 Torr of O2. The estimated time for 50% emission 



62 

degradation at various 0 2 partial pressures is summarized in Table 4.4. These results 

indicate that the partial pressure of 0 2 in the vacuum panel must be kept at or below ~ 

6xl0"9 Torr (Pulsed mode) while working for a continuous 10000 hours of operation. 

With these requirements, active pumping of the vacuum envelope is essential for long term 

operation of these devices. 

Examination of known outgassing rates from well baked glass suggests that 

outgassing from glass can be neglected with proper panel handling after baking through 

sealing [37]. However, the outgassing rates of other relevant materials in the display are 

not known, especially display phosphors which have a very large surface area. If we 

assume that well baked glass is sealed so as to exhibit a constant He leak rate of lxlO"9 

std. cc/sec at room temperature, the equivalent 0 2 leak rate can be estimated, and 

consequently, the partial pressure of 0 2 over time due to accumulation in the vacuum 

panel. If we assume that the leak results in molecular flow, then the equivalent 0 2 leak 

rate would be 2.8xl0"9 std. cc/sec (02) (=2.1xl0"9 Torr 1/sec = 1.2xl0"13 moles/s). The 

conservative assumption of a pure 0 2 atmosphere provides a worst case estimate. Thus 

over 10 years (87600 hours) of product life, an accumulation of 3.9xl0"5 moles of 0 2 or 

2.4xl019 0 2 molecules could occur. Assuming that none of these molecules are pumped 

away by display surfaces or getters, this would result in a partial pressure of 120 Torr and 

a glow discharge within the display might well be anticipated. In one year, 12 Torr of 0 2 

would be anticipated without pumping. Clearly, control of 0 2 through active getter 

pumping with adequate pumping speed is required for Mo cathode field emitter displays. 
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Oxygen Pressure 
(Torr) 

DC Mode Life 
Time (seconds) 

Pulsed Mode Life 
Time (seconds) 

lxlO"6 103 2xl05 

(0.28 hr) (55.6 hr) 

lxlO"9 106 2xl08 

(277.8 hr) (55555 hr) 

lxlO"12 109 2xlOn 

(2.77xl06 hr) (5.55xl07 hr) 

Table 4.4 Estimated time for 50% degradation in emission under DC mode and 

pulsed mode operation at 0.5% duty cycle as a function of oxygen partial 

pressure. 
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6. Conclusions 

The effects of oxygen gas on the electron emission characteristics of Spindt type 

molybdenum field emitter arrays have been studied experimentally. The interaction of 

molecular oxygen with an active field emitter array always results in a decrease in the field 

emission current. The degradation in emission current varies from 6.2 ± 1.3 % for 10L 

exposure to 99.2 ± 0.4 % for a 10000L exposure. Interaction of oxygen with the FEA 

takes place only when the array is active. The extent of emission degradation due to 

oxygen exposures was found to be similar in both pulsed and dc modes of operation of the 

device, once duty cycle is taken into consideration. Therefore, dc mode testing can be 

used as an accelerated method for long term evaluation and reliability analysis of field 

emitter cathode arrays. 

It was found that the ions produced from the FEA exposure to oxygen are 

predominately 0+ ions with small amounts of 02
+, Moq+ (q=l-3) and MoO+. The gate 

voltage threshold for observing any measurable 02
+ signal is about 80V, in contrast with 

the ionization in electron impact and field ion sources, where the dominant species is the 

primary molecular ion [34]. Examination of the ions produced during recovery after the 

0 2 exposure results in the detection of 0 + and hydrogen ions as well. This confirms that 

oxygen is being removed from the tip surface through a field desorption process. The 

hydrogen ions appear to originate from the bulk of the Mo tips. 

The C>2-induced degradation mechanism appears to be as follows: An oxygen 

bearing species undergoes field-assisted fragmentation followed by ionization (presumably 

through electron impact from the high density of electrons) in the vicinity of the tip. Once 
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ionized, the fragment 0+ would normally be accelerated to the tip where it would react to 

form a MoOx complex. As the O coverage of the Mo tip surface increases, a 

workfunction change (increase) results, and the field emission decreases in accordance 

with the Fowler-Nordheim tunneling mechanism. The O in the surface MoOx complex can 

succumb to field desorption and can thus be removed from the surface. 
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- CHAPTER 5 

METHANE EXPOSURES ON ACTIVE FIELD EMITTER ARRAYS 

AND EMISSION CURRENT ENHANCEMENT 

1. Introduction 

A great deal of interest has developed in the commercial development of high 

resolution displays using thin film field emission microcathode arrays (FEAs) [1-4]. Even 

though field emission display (FED) technology has generally been recognized as 

potentially superior to liquid crystal displays, the realization of field emission cathodes as 

electron sources in commercial display systems is limited by their stringent vacuum 

requirements and long term reliability issues. Spindt type molybdenum field emission 

arrays are sensitive to the residual gases present in the display envelope [5,6]. The 

purpose of this study is to understand the effect of methane on the emission characteristics 

of active field emitter arrays and their ability to work as robust and functional electron 

sources in vacuum microelectronic devices operating under severe vacuum conditions. 

Initial studies on the effect of methane exposure on Spindt-type Mo field emitter 

arrays were reported by Itoh, et al [7], where the effect of ambient CH4 pressure on the 

emission characteristics of the arrays was examined. It was found that exposure of active 

molybdenum FEAs to methane results in increased electron emission. They attributed the 

68 
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mechanism responsible for the emission increase to the deposition of C and C-H films on 

the tips of the arrays. 

In this chapter, experimental measurements on the effect of methane on the 

emission characteristics of Spindt-type Mo FEAs are reported. The FEA emission current 

stability after methane exposures was also examined. The ion species produced by the 

field emitter array - methane interaction were monitored with the quadrupole mass 

spectrometer. Current - voltage (I-V) characteristics of the array were measured before 

and after each exposure and the resulting changes in the work function of the molybdenum 

tips were estimated from the slopes of the Fowler-Nordheim (F-N) plots. 

2. Experimental 

The experimental apparatus and the measurement and data acquisition electronics 

were described in Figure 3.1. Experiments were performed on six Spindt type 

molybdenum field emission arrays and the characteristics were measured as a function of 

methane exposure. The anode is biased +300 V with respect to the cathode. Unless 

mentioned specifically, the gate electrode was kept at +60V with respect to the cathode. 

The detected anode current (Ia) was measured with the picoammeter. The gate voltage 

(Vg) and current were also measured. 

The interaction of the field emitter array with methane was examined with an 

experimental setup as shown in Figure 3.2. The anode is mounted on a linear motion 

feedthrough and can be moved away from the field emitter array, thus permitting line of 

sight access to a high resolution quadrupole mass spectrometer (QMS) equipped with a 

channeltron detector. The ionizer on the QMS was turned off, so that the ionic species 
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recorded are produced solely by the field emitter array. The mass spectrometer is 

computer controlled and has the capability to multiplex over eight m/q values. Mass 

spectral analysis of the residual gases in the vacuum system under UHV conditions 

(< 2.0xl0"10 Torr) indicates that hydrogen is the dominant species with small amounts 

(< 1.5x10-" Torr) of CH4, H20, N2/CO, 0 2 and C02. 

3. Methane Exposures - Emission Studies 

The field emitter arrays were stabilized at a gate voltage of +60V, a process which 

typically takes over 24 hours. The device is qualified to be fully stabilized when the 

emission current fluctuations are < 0.5% in a 60 minute period. Final activation current is 

device dependent, but it ranges between 0.5 - 1 mA at a gate voltage of 60V. The 

emission current change as a function of methane exposures was measured. I-V 

characteristics were measured before and after each exposure and the tip work function 

changes were estimated. 

3.1 Emission Changes 

The first set of measurements examined the influence of methane on a clean 

stabilized array with the gate grounded. With the gate and cathode at ground potential, the 

device was exposed to 1 to 5000 L of CH4 at ambient methane pressures in the 10"9 to 

10"6 Torr range after the stabilization process. The system was then pumped down to 

= 2xlO"10 Torr and the device was again stabilized. No measurable changes in the 

emission characteristics were observed and it was concluded that there is no interaction 

between an inactive array and methane. 
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The interaction of active field emitter arrays with methane was studied by 

measuring the emission characteristics as a function of total methane exposures. After 

stabilizing the array at Vg = 60V, ultra high purity methane was introduced into the system 

through the variable leak valve. Typical exposures lasted for 1000 seconds at CH4 partial 

pressures ranging from l.OxlO"9 to 5.0xl0"6 Torr (corresponding to total exposures of 1, 

10,100, 1000 and 5000L respectively). The emission current was monitored as a function 

of methane exposure and the array I-V characteristics were measured before and after 

each exposure. 

In agreement with previous studies [7], exposures to methane resulted in an 

emission increase over the exposure range tested for ambient pressures < 5xl0"6 Torr of 

CH4. The effect of methane exposure on the emission characteristics on the six field 

emitter arrays is summarized in Figure 5.1. The emission increase depends only on the 

total exposure and was verified to be independent of pressure. No measurable change in 

the emission was observed for exposures smaller than 1 L. The biggest emission 

enhancement takes place in the first 250L of CH4 exposure. Further exposures result in a 

substantially slower emission enhancement rates. The emission increase ranges from 

(2.5 ± 0.2)% for a 10 L exposure to (244.7 ± 20.5)% for a 5000 L exposure of CH4. The 

emission current reaches a maximum for total exposures of 6000 to 6500 L of CH4, any 

further exposure results in emission loss. 

3.2 Work Function Changes 

Tip work function changes due to the exposures were estimated from the relative 

changes in the slopes of the Fowler-Nordheim (F-N) curves for clean and methane 
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exposed arrays. For a field emitter, the relation between the gate voltage V and emission 

current I is given by the Fowler-Nordheim equation: I = aV2 exp(-M>372 /V) where <E» is 

the work function, a depends primarily on the emission surface area and b is the geometry 

factor and depends on tip shape. Assuming the parameters a and b remain unchanged, 

work function changes are reflected in the slope of the F-N plot: log(I/V2) vs. IN, with 

the slope being proportional to O372. If Oc is the work function of a clean tip, then the 

modified work function (<J>d) after gaseous exposures is given by 4>d = (md/mc)
m O c , 

where mc and md are the slopes of the F-N plot for the clean and modified field emitters 

respectively. The I-V and F-N curves for CH4 exposures in the 0-5000L range are shown 

in Figures 5.2(a) and 5.2(b) respectively, where a clear decrease in the slope is noted upon 

exposure to CH4. 

The work function change derived from Figure 5.2(b) as a function of methane 

exposure is shown in Figure 5.3. With increasing methane exposure, the work function 

was found to decrease. For example, the work function decreased by (8.9 ± 2.5 )% after a 

100L exposure and by (20.5 ± 2.5)% after a 1000L exposure. This analysis permits the 

estimation of the effective work function of the tips after methane exposures. The single 

crystal molybdenum surface has a reported work function of « 4.6 eV [8,9]. Assuming 

this value is appropriate for the clean Mo tip surfaces here, the effective work function of 

the tip surfaces after a 100L exposure is (4.2 ± 0.1) eV and further reduces to (3.8 ± 0.1) 

eV after 5000L methane exposure. These work function values, deduced from the F-N 

emission behavior with CH4 exposure, are consistent with the formation of molybdenum 
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carbides on the tip surface. The two phases of molybdenum carbide MoC and M02C have 

reported work functions of 3.80 and 3.85 respectively [10, 11]. Attempts to perform 

Auger surface analysis of the tip surfaces were not successful due to the unique geometry 

of the Spindt cathode structure and dimensions of the emission area. 

4. Methane Exposures: Ion Mass Spectrometry 

To examine the feasibility of molybdenum carbide formation, a mass spectral 

analysis of the reaction products produced by the interaction of methane with the FEA 

was performed. With the gate voltage set to 60V, the array was exposed to methane at an 

ambient pressure of l.OxlO"6 Torr. The various CH4 fragments (QMS ionizer turned off) 

as well as Mo2+, Mo+, MoH+ and MoC+ ions produced during methane exposures were 

monitored [12]. The results are presented in Figure 5.4, which shows an abundance of 

MoC+, CHX (x=0,1 -4) as well as MoH+. Also the relative intensity of various ion 

fragments from the ionization were measured as a function of methane partial pressure 

from l.OxlO"9 to l.OxlO"6 Torr. The relative abundance of C+ ions to the CH4
+ ions was 

~ 0.16 at all ambient pressures examined, suggesting that the C+ is a fragment of CH4. 

This observation suggests a mechanism which would result in the formation of MoC on 

the tips: the energetic C+ produced from the CH4 fragmentation and ionization are 

accelerated to the Mo tips resulting in the formation of molybdenum carbide films. To 

understand the nature of the tip coatings resulting from the FEA-methane interaction, 

ionic species evolving from the FEA after it was exposed to various methane doses were 

monitored during the recovery of the device. In particular, a search was made MoC+ and 

C+ originating from the desorption of surface molybdenum carbides and carbon 
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clusters (Cx)
+ from the desorption of graphitic or amorphous carbon overlayers on the tip 

surfaces. Figure 5.5 shows the ion signals desorbing during the recovery of the FEA after 

it was exposed to 1000L of CH4. Similar measurements were also made during recovery 

after 100L and 10000L of CH4 exposures. During the recovery after 1000L exposure, the 

data conclusively shows that the device recovers by desorbing ions mostly in the form of 

C+ ions. But at higher exposures where graphitic or amorphous carbon might be 

expected, the ion signals during recovery were below detectable limits. 

5. Discussion 

Significant differences in the emission enhancement and the device recovery 

characteristics when operating the device at different gate voltages were observed. 

During exposures at Vg = 60V, the emission increases continuously with exposure for 

exposures up to 6000L of CH4 and then it gradually decreases. After a 5000L methane 

exposure, the device recovers (under UHV conditions) back to the pre-exposure levels 

within 500 minutes. But when operating the device at Vg = 80V, after a 5000L exposure, 

the emission current does not recover back to the pre-exposure levels. During the 

recovery, after an abrupt initial drop, the emission current reaches a stable value, 

degrading by only 8% in 60 hours of continuous dc operation. This suggests that the 

carbide films formed when exposed at a higher gate voltage may be more stable. With 

higher gate voltages, the energetics might favor the formation of more carbon ions and 

possibly more uniform and stable molybdenum carbide films 

It should be noted that emission current increases of 8-20% resulting from the 

treatment of inactive molybdenum field emitter arrays with acetylene plasmas has been 
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reported by Mousa [13]. The emission increase was attributed to the deposition of carbon 

overlayers on the field emitter tips. However, the reported work function decrease of 0.8 

eV to 0.9 eV clearly suggest the formation of molybdenum carbides on the tips [8,9]. 

Carbon in graphitic or amorphous form has reported work function values of 4.6 to 5.0 

eV [14, 15], equal to or higher than that of clean Mo. Measured work function values for 

diamond like carbon films using thermionic and field emission retarding potential methods 

also range from 4.75 to 4.85 V [16]. 

The emission changes very much depends on the dynamics of surface carbide 

formation. Rut'kov, et al, have shown that the carbonization of molybdenum starts with 

the formation of MoC surface layer [17]. After reaching the solubility limit of carbon in 

molybdenum, the bulk carbide Mo2C forms under the surface MoC layer. Any further 

carbonization results in formation of a graphitic overlayer on the surface MoC. This 

results in an increased work function and also the presence of carbon on the Mo surface 

inhibits the decomposition of hydrocarbons [17]. 

6. Conclusions 

The effect of methane on the electron emission characteristics of active field 

emitter microcathode arrays was studied. Exposure of active FEAs to CH4 always results 

in increased field emission over the exposure and pressure range studied. From the 

measured work function changes and the ionic species detected from the mass 

spectrometer data, it is concluded that the formation of molybdenum carbides on the tips 

is responsible for the observed emission enhancement. 
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CHAPTER 6 

C02 POISONING OF ACTIVE FIELD EMITTER ARRAYS 

1. Introduction 

The effect of carbon dioxide on the emission characteristics of Spindt-type Mo 

field emitter arrays (FEAs) is investigated. Field emission is sensitive to the contamination 

of the tip surfaces by residual gases in the vacuum panel. This imposes stringent 

requirements on the vacuum conditions for the long term stability and reliably of FEA 

based vacuum microelectronic devices [1,2]. To establish the vacuum requirements for 

the successful operations of these devices, reliable data on the lifetime of the devices under 

various residual gas environments is required. 

Similar problems arising from the residual gas poisoning of cathodes were 

encountered during the development of the thermionic vacuum tube electronics. Extensive 

studies have been made on the effects of residual gases on the electron emission 

characteristics of W and BaO impregnated cathodes. It has been clearly established that 

gases like 02 , H20, CO and C02 which act like oxidizing agents on metals cause serious 

poisoning of thermionic cathodes [3-5]. Exposures to 0 2 resulted in the maximum 

emission degradation from thermionic cathodes. However, during the life time of a 

device, the presence of any of these gases is damaging. In the vacuum tube industry, 

problems arising from gaseous poisoning of cathodes have been successfully addressed by 
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better vacuum processing and incorporation of suitable getter pumps inside the tube 

envelope. 

However, the vacuum issues are much more serious in the case of field emitter 

arrays. The problems are compounded by the fact that FEAs are cold cathode devices and 

the residual gases will be expected to have a higher sticking coefficients on the emitter 

surfaces. Even in the presence of getter pumps, the small dimensions of the vacuum 

panels significantly reduces the pumping speed. In an effort to experimentally establish the 

vacuum requirements for the long term operation of FEAs, the effects of various gases on 

the emission and recovery characteristics of active FEAs are studied. 

The central focus of this chapter is to understand the effects of carbon dioxide on 

the emission characteristics, measure the changes in work function as a result of CO2 

exposures and study the mechanisms responsible for the device degradation. Using the 

measurements, estimates of device lifetime under various operating conditions are made, 

thus providing estimates for the vacuum requirements for long term operation of FEAs 

under C02 exposures. 

2. Experimental Details 

The experiments were done in the ultra high vacuum analytical chamber previously 

described. Research grade carbon dioxide was introduced into the system and the changes 

in the emission characteristics of the arrays were measured as a function of CO2 

exposures. These experiments were performed on four Spindt-type Mo field emission 

cathode arrays. As before, the cathode is grounded and a positive bias Vg = 60V is 

applied on the gate electrode. The anode was biased +300V with respect to the cathode 
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and the current reaching the anode (Ia) was measured with the picoammeter. Automated 

data acquisition and measurement was accomplished with LabView™ data acquisition 

software. The interaction of the field emitter array with CO2 was examined with the ion 

detection setup described in Figure 3.2. The anode can be moved away from the field 

emitter array, thus permitting a line of sight access to the high resolution quadrupole mass 

spectrometer (QMS). 

3. Results ad Discussion 

When active FEAs are exposed to C02, dissociation and ionization of the gas 

molecules by the field emitter electrons is to expected occur. QMS analysis of the ions 

generated from the FEA - C02 interaction indicates the formation of 0+, CO+, 02
+, C+, 

C02
+ ions along with traces of MoC+, MoOx

+. Figure 6.1 shows the ionic species 

emanating from the active FEA at a C02 ambient pressure of l.OxlO"8 Torr. The ion 

signals are proportional to the emission current, thus indicating that they are a product of 

the ionization of the gas molecules by the field emitted electrons. 0 + ions are the 

dominant species, followed by smaller amounts of CO+, 02
+ and C+. Therefore, the effect 

of C02 on the field emitter arrays is expected to be similar to the interaction of the FEAs 

with 02 . 

Exposure of active FEAs to oxygen results in serious degradation. Upon impact 

with the field emitted electrons, oxygen undergoes dissociation and ionization. These 

energetic oxygen species react with molybdenum tip surfaces and results in the formation 

of surface molybdenum oxides. The molybdenum oxide complexes have a higher a work 

function than single crystal molybdenum, thus producing a significant reduction in the 
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emission current. Exposures of active arrays to CH4 resulted in emission enhancement, 

with the emission reaching a maximum for 6000-6500 L exposures. As a result of 

methane exposures, the work function was found to decrease by 15-17% for exposures in 

the range 1000-18000L. The work function and mass spectrometry data suggest the 

formation of molybdenum carbides (MoC and M02C) on the tip surfaces, resulting in 

reduction of the surface work function. Thus during CO2 exposures, the effective change 

in the surface workfunction will be determined by the competing rates of formation of 

surface molybdenum oxides and carbides. 

The interaction of CO2 with active FEAs was studied by measuring the emission 

characteristics as a function of total C02 exposures. With the array active and stabilized 

at Vg = 60V, C02 was introduced into the system through the variable leak valve. Typical 

exposures lasted for 1000 seconds at C02 partial pressures ranging from l.OxlO"9 to 

5.0xl0"6 Torr (corresponding to total exposures of in the range 1-5000L). The emission 

current was monitored as a function of gas exposure. 

FEA exposure to carbon dioxide resulted in emission degradation and are in 

qualitative agreement with studies made by Itoh, et al [6]. The emission decrease ranges 

from (29.7 + 0.4)% for 100L to (77.2 ± 12.6)% for 5000L of CO2. Similar emission 

changes were measured when the device was exposed to 02. The emission current as a 

function of C02 and 0 2 exposure is shown in Figure 6.2. The similarity of the two curves 

suggests that the mechanisms responsible for emission degradation with C02 and 0 2 might 

have originated from similar processes. 

The tip surface work function change is reflected in the slope of Fowler-Nordheim 
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(F-N) plots for clean and carbon dioxide exposed arrays. For a field emitter, the relation 

between the gate voltage V and emission current I is given by the Fowler-Nordheim 

equation: I = aV2 exp(-M>3/2 /V) where O is the work function, a depends roughly on the 

emission surface area and b is a geometry factor and depends on the tip shape. Assuming 

the parameters a and b remain unchanged, the slope of a plot of log(I/V2) vs. 1/V is 

proportional to <53/2 [7]. If <I>C is the work function of a clean tip, then the modified work 

function (<E>d) after gaseous exposures is given by <J>d = (md /mc)
2/3 O c , where mc and m<i 

are the slopes of the FLN plot for the clean and modified field emitters respectively. 

Current - voltage (I-V) characteristics of the device were measured before and 

after each carbon dioxide exposure. The I-V and F-N curves for CO2 exposures in the 0-

5000L range are shown in Figures 6.3(a) and 6.3(b) respectively. After C02 exposures, 

increase in work function ranges from (2.1 ± 1.9)% for 10L to (7.4 ± 0.9)% after a 4000L 

of C02 exposure. A summary of the work function measurements on four FEAs as a 

function of exposure is shown in Figure 6.4. For exposures beyond 3000L, no additional 

change in the work function was observed. It is possible that both molybdenum carbides 

and oxides are forming on the tip surfaces, but the increases in the work function values 

suggests the formation of molybdenum oxides is dominant process. Among the many 

possible molybdenum oxides, MoO, Mo02, and M0O3 are thermodynamically stable 

compounds [8]. Single crystal molybdenum has a reported work function of ~ 4.6 eV [9-

11]. Assuming this is an appropriate value for the Mo tip surfaces, C02 exposure of 

4000L indicates a work function increase of -0.4 eV. 
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To understand the device degradation and recovery, the ion species emanating from the 

device during its recovery were monitored. After exposing the array to 1000L of C02, the 

anode was withdrawn and ions produced by the FEA were monitored with the QMS. The 

measurements are shown in Figure 6.5. 0+ is the dominant signal during device recovery, 

indicating that the device recovers by the reduction of surface molybdenum oxides. 

Similar observations have been made in earlier experiments with 02 . Immediately after the 

start of the recovery process, a significant number of 02
+, C+ and CO+ ions are observed. 

But after 20 minutes of device recovery, these ion signal amplitudes are two orders of 

magnitude smaller than 0+ signals. This confirms that oxygen is being removed from the 

surface by a field desorption process. 

The data obtained in this work makes it possible to estimate the device lifetimes at 

a given C02 partial pressure. In a CRT display, a 50% degradation in the emission after 

10000 hours of continuous operation is considered acceptable. Exposure of active FEAs 

to carbon dioxide under dc conditions with a 1500 L exposure result in = 50% emission 

degradation. Normally FEAs used in display applications are operated in the pulsed mode 

with a duty cycle of 0.5% at 70-100 Hz repetition rates. Assuming that the device is 

operated under pulsed conditions, emission degradation of 50% occurs with an exposure 

of 3xl05 L of carbon dioxide. 

This result leads to an estimate of the permissible C02 partial pressure in the 

vacuum envelope under various operational conditions. In the DC mode, the device has a 

50% degradation lifetime of 1.5xl06sec at 10"9 Torr and 1.5xl03 sec at 10"6 Torr of C02. 

With pulsed operation with a 0.5% duty cycle, the lifetimes would increase to 3xl08 sec at 
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10"9 Torr and 3xl05 sec at 10"6 Torr of C02, respectively. These results indicate that the 

partial pressure of CO2 in a vacuum panel must be kept at or below ~ 9x10~9 Torr (Pulsed 

mode) while working for a continuous 10000 hours of operation. Under these 

requirements, control of residual carbon dioxide in the vacuum package is essential for the 

long term operation of vacuum microelectronic devices using FEA technology. 

4. Conclusions 

Exposure of active Spindt-type Mo field emitter arrays to carbon dioxide results 

in serious emission degradation. The emission degradation ranges from (11.8 ± 3.8)% for 

10L to (77.2 ± 12.6)% for 5000L CO2 exposure. The poisoning of arrays results from the 

formation of molybdenum oxide complexes on the tip surfaces, causing an increase surface 

work function. Work function changes of 0 - 7.5% have been observed. 
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CHAPTER 7 

HYDROGEN AND HELIUM EXPOSURES AND SURFACE CONDITIONING OF 

ACTIVE FIELD EMITTER ARRAYS 

1. Introduction 

The effect of hydrogen and helium on the emission characteristics of active 

molybdenum field emitter arrays (FEAs) was studied using field emission and high 

resolution mass spectrometry methods. Field emitters are susceptible to contamination of 

the tips with the residual gases present in the vacuum panel, causing emission current 

fluctuations and device failures [1,2]. 

Hydrogen is always present in vacuum systems and it is extremely hard to pump it 

out. Hydrogen is known to be highly soluble in refractory metals like Mo, forming loosely 

bound trihydrides. It is also trapped in the interstitials during high temperature processes 

associated with Mo deposition [3], During field emission, hydrogen is expected to diffuse 

out of the bulk and once liberated, it undergoes dissociation and ionization by the field 

emitted electrons. Numerous studies have been made on the adsorption and desorption 

kinetics of hydrogen on single crystal Mo surfaces [4-5]. The work function changes 

resulting from the adsorption of H2 on single crystal Mo and the electron stimulated 

desorption of H+ ions have been studied [6]. However, there is little published data on the 
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interaction of hydrogen with Mo in the presence of high electric fields and electron beams 

such as those present in field emitter arr. Itoh, et al, have made preliminary studies on the 

effects of hydrogen on molybdenum FEAs, where they report an increase in the emission 

current in the presence of hydrogen [7]. 

Further studies are needed to understand the mechanism of the interaction of the 

H2 with the FEA and to determine device life times in the presence of hydrogen. In this 

chapter, the effects of hydrogen on the emission characteristics and surface work function 

of active FEAs were studied. The surface chemistry associated with hydrogen emission 

enhancement was studied by exposing the arrays to helium gas, which might be expected 

to be inert. The possibility of using hydrogen and helium gases for surface conditioning of 

FEA tip surfaces is explored. 

2. Surface Conditioning of Field Emitter Arrays 

The field emission process imposes critical requirements on the surface condition 

of the emission surfaces. Thus maintaining a good vacuum in the device vacuum envelope 

is an essential requirement for their long term operation effectively clean the tips of any 

surface impurities once the panels are sealed. Once the device is sealed into the vacuum 

assembly, no effective way to clean the tips of any surface impurity exists. For example, in 

a field emission display (FED), once the panel is sealed, techniques like high temperature 

flashing and low energy ion beam sputtering that have been used in the preparation of tips 

for field electron and ion microscopy can not employed [8]. The glass substrates on which 

the molybdenum emitter arrays are fabricated limit the process temperatures to less than 

700-800K [9]. Efficient high vacuum compatible in situ processes are needed to 
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effectively remove surface contaminants, native oxides and process residues from the tip 

surfaces before final pinch off of the vacuum package. 

The surface conditioning of the tips is reflected in the electron emission 

characteristics of the arrays. Atomic hydrogen and hydrogen ions are good reducing 

agents on metals and hydrogen discharges have been effectively used to clean surface 

oxides and other surface contaminants from walls of high vacuum vessels [10]. Schwoebel 

and Spindt have used hydrogen glow discharge plasmas for field emission tip conditioning 

[11,12]. 

An alternate method well suited for in situ cleaning and conditioning of the Mo 

tips in large FEA panels before final vacuum seal off is demonstrate here. FEAs are 

bright sources of electrons and have been used as electron sources for the ionization of 

gases [13]. Hydrogen is introduced into the system undergoes dissociation and ionization 

by the field emitted electrons. Interaction of theses energetic hydrogen free radicals with 

molybdenum, surface oxide layers and other contaminants in the panel result in the 

formation of volatile hydrides. These volatile compounds get pumped away by the system 

leaving clean Mo tip surfaces. Also the effectiveness of helium in surface conditioning of 

molybdenum tips was studied. Helium is an inert gas, and helium or helium ions are not 

known form any stable compounds with metals, even though formation of metal helides 

ions have been reported in the field ion literature [14]. Comparison of hydrogen and 

helium on FEAs would provide additional information about the surface reactions from 

Mo FEA - gas interaction. 
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3. Experimental Method 

The apparatus and experimental method have been described in detail in chapter 3. 

Ultra high purity gases are introduced into the system through a sapphire sealed variable 

leak valve. The pressure in the vacuum system was measured with a UHV nude gauge 

and the measurements reported here in have not been corrected for the gauge sensitivity 

for H2 and He. 

Experiments were performed on four Spindt-type Mo field emission microcathode 

arrays. The cathode is grounded and the gate and the anode are biased +60V and +300V 

with respect to the cathode. The current reaching the anode (Ia) was collected on a 

platinum coated silicon wafer, which serves as the anode and was measured with a 

Kiethley 485 picoammeter. The interaction of the field emitter array with the gases was 

examined with the ion detection set up shown in Figure 3.1. The anode is mounted on a 

linear motion feedthrough and could be moved away from the field emitter array, thus 

permitting a line of sight access to the high resolution quadrupole mass spectrometer 

(QMS). The ions produced from the FEA - gas interaction are accelerated towards the 

QMS by the grid electrodes and get detected by the channeltron. The ionizer on the QMS 

is turned off and the ionic species reaching the channeltron detector are produced solely 

by the field emitter array. 

4. H2 and He Exposures - Results and Discussion 

The emission changes resulting from the exposure of the active Mo arrays to 

hydrogen and helium gases were studied by measuring the emission current as a function 
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of gas exposure. The current - voltage (I-V) characteristics were measured before and 

after each exposure. The change in the work function of the tip surfaces was estimated 

from the Fowler-Nordheim plots. Additional insight into the nature of the gas -FEA 

interaction was obtained by monitoring the ion species evolving from the interaction using 

the line-of-sight QMS. 

Experiments were performed on active arrays with the gate and anode biased 

+60V and +300 with respect to the cathode. The device was activated at a gate voltage of 

60 V and was qualified as fully stabilized once the fluctuations in the emission current are 

<0.5% in a 60 minute period. With the device ON, ultra high purity gases was introduced 

into the system through the variable leak valve. The resulting changes in the emission 

current were monitored. Gas exposures typically lasted for 1000 sec at ambient pressures 

in l.OxlO"10 to 5.0xl0"5 Torr range corresponding to total exposures of 0 to 10000L. 

The results of helium and hydrogen exposures on three field emitter arrays for total 

exposures in the range 0-10000L is summarized Figure 7.1. In the presence of hydrogen 

in the system, the emission current goes up. The emission increases rapidly for total 

hydrogen exposures to about 1000-1500L. Further hydrogen exposures resulted in a 

steady decrease in the emission. After 1000L and 10000L exposures, emission current 

enhancement of (91.6 ± 11.9)% and (41.5 ± 5.5)% respectively is observed. The 

emission current enhancement reaches a maximum value for exposures in the range 1000-

1500LofH2. 

As expected, small exposures of helium did not have any measurable effect on the 

emission characteristics. No statistically significant changes in emission were observed for 
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with the device operating at a gate voltage of 60V (DC mode). 
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He exposures >100L. Further exposures to helium results in a emission enhancement with 

1000L He exposure resulting in a (17.5 ± 9.1)% emission enhancement. This results from 

the sputter cleaning of the surface by the helium ions. Larger helium exposures leads to 

emission degradation. For example, exposures of 2500 and 10000L of helium resulted in 

emission degradation of 5.9% and 55.3% respectively. The marked differences in the 

emission characteristics under hydrogen and helium exposures can be traced back to the 

chemical reactivity of the two gases. 

The emission enhancement resulting from the hydrogen and helium exposures on 

active arrays is not permanent. Once the gas exposure is stopped, as the tip surface gets 

contaminated, emission starts degrading back to the pre-exposure levels. The emission 

enhancement and subsequent device recovery after 1000L exposures of hydrogen and 

helium Figure 7.2. After H2 exposure, the device recovers (in UHV) back to the pre-

exposure levels in about 800 minutes, which is approximately the time required for the 

deposition of a sub monolayer of residual gases on tips. After helium treatment, the 

emission degrades to the pre-exposure levels within few minutes and further reduces to 

50% of the pre-exposure levels after 800 minutes. 

The work function change is reflected in the slope of the Fowler-Nordheim curves 

for clean and gas exposed devices [14]. Assuming the emission surface area and tip 

geometry remain unchanged, the slope of the Fowler-Nordheim plot (log(I/V2) vs. 1/V ) 

is proportional to <J>3/2. If <1>C is the work function of a clean tip, the modified work 

function (<J>d) after gaseous exposures is given by Od = (md /mc) O c , where mc and md 



103 

2.0 n-i—i—i—i—i—j—i—i—|—i—r—i—i—|—i—i—i—i—j—i—«—i—i—j—i—i—i—i—|—i—i—r 

1.6 -

1.2 -

u 
CD N 
15 
E 
v_ 
o 
nS 
c 
CD 
u. 
Z5 
O 
CD 
-D 0.8 
o c < 

0.4 —1—1—1—'—1—1—1—1—'—1—t—i—i—L~i—i i i I i i i i i i i i » i i • i » 
0 200 400 600 800 1000 1200 

T i m e (min) 

Figure 7.2 The emission characteristics during H2 and He exposures at lxlO"6 Torr 
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are the slopes of the F-N plot for the clean and modified field emitters respectively. In the 

field emitter arrays we studied, a layer of amorphous silicon is placed below the 

molybdenum emitter for current limiting and thereby preventing catastrophic failures. The 

resistance of the amorphous silicon layer thus depends on the emission current. Therefore, 

to accurately calculate the changes in the slope of the FN curves, the voltage drop across 

the amorphous silicon has to be taken into account. But by making the fitting essentially 

in the low emission current regime, the perturbation due to the voltage drop across the 

resistive layer can be avoided. 

The I-V characteristics of the device were measured before and after every 

exposure and a set of I-V and FN curves for exposures of H2 and He are shown Figures 

7.3 and 7.4. For hydrogen exposures, the change in work function ranges from 

-(1.6 ± 1.1)% for 10L to -(22.4 ± 0.5)% for a 1000L exposure. Under helium exposures, 

no statistically significant changes in work function were measured for exposures <100L. 

Exposure of 1000L of helium resulted in a work function decrease of (5.7 ± 2.1). At 

higher exposures, the work function increases and results in emission degradation. For 

example, after a 10000L He exposure the work function increases by 13.3%. The work 

function changes are summarized in Figure 7.5. 

The marked difference between hydrogen and helium exposures can be traced to 

back to the chemical reactivity of these gases with molybdenum. Hydrogen and hydrogen 

ions are reactive with most metals and readily forms volatile metal-hydride complexes. 

The cleaning process can be clearly understood by looking at the chemical species coming 

evolving during the process particularly various molybdenum ions and MoH+. 
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The interaction of the gases with active molybdenum field emitters was observed 

with an in situ line of sight quadrupole mass spectrometer. The anode was grounded and 

moved out from in front of the cathode. The ionic species produced from gas - FEA 

interaction get accelerated by the QMS grids and get detected by the QMS channeltron 

detector. When active arrays exposed to hydrogen, hydrogen ions, Mo2+, Mo+ and 

molybdenum hydrides, MoHx
+ (x=l-3) emanating from the FEA are observed (Figure 7.6). 

Under helium exposures, even though helium ions are the predominant species, evidence 

for the formation of MoHe+ and MoHe2
+ ions was observed. Figure 7.7 shows MoHe+ 

and MoHe2
+ signals with the device ON and OFF at a helium ambient pressure of l.OxlO"6 

Torr. Under normal conditions, molybdenum is not known to form any stable helides. 

However, molybdenum helides have been observed in pulsed field ion time of flight 

measurements [15]. With over 2.8xl05 tips, field emitter arrays have the additional 

sensitivity required for the observation of these rare species. 

4. Conclusions 

Exposure of active molybdenum field emitter arrays to hydrogen results in 

increased electron emission. This provides a convenient and efficient process for cleaning 

molybdenum field emission microcathode arrays, well suited suitable for in situ high 

vacuum processing. Upon impact with the field emitted electrons, hydrogen gas 

introduced into the system undergoes dissociation and ionization. Emitter tip surface 

cleaning is accomplished by the interaction of these hydrogen free radicals with 

molybdenum, resulting in the formation of volatile molybdenum hydrides, which get 

pumped away by the vacuum system. Surface conditioning of the tips is reflected in the 
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reduced work function and increased electron emission. Emission enhancement reaches a 

maximum for total exposures of 1000-1500 Langmuirs (1L = lxlO"6 Torr • sec) of H2. 

Small exposures of He caused an increase in emission current, but exposures >1500 L 

resulted in serious device degradation. 
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CHAPTER 8 

DEGRADATION OF ACTIVE FIELD EMITTER ARRAYS BY WATER 

1. Introduction 

The poisoning of Spindt-type Mo field emitter arrays (FEAs) by water is 

investigated using field emission and ion mass spectrometry methods. The effects of 

oxygen bearing species like 0 2 and C02 on the electron emission characteristics of active 

Mo field emitter arrays have been presented in earlier chapters. The exposures of 0 2 and 

C02 resulted in serious degradation. Interaction of these gases with active FEAs result in 

their dissociation and ionization, with 0+ ions being the dominant species. The 0 + ions 

upon interaction with Mo tip surfaces result in the formation of surface molybdenum 

oxides on the tips. Molybdenum oxides have a higher workfunction than clean Mo 

surfaces, thus reducing the emission current in accordance with the Fowler-Nordheim 

equation. Exposure of water to active FEAs is expected to produce If", H2
+, OH+, 0 + 

ions. Thus the effect of water will be determined by the competition between H+ and 0 + 

interactions with Mo tip surfaces. 

The interaction of water on active field emitter arrays has not been studied, even 

though water is expected to cause serious emission degradation in field emitters. The 

effect of water on transition and noble metals, resulting in the formation of metal oxides 
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has been studied [1]. Field emission microscopy and field ion microscopy studies have 

shown that the water interaction with Pt field emitter tips result in the formation of oxygen 

adlayer on the surface of the tips [2]. Field induced surface reactions resulting in the 

formation of parent ions, fragment ions and ionized associates like H30+ have also been 

reported [3]. 

The presence of water vapor in vacuum systems is unavoidable. Water has a high 

sticking coefficient on most metals and results in the slow oxidation of the metal surfaces. 

In active field emitter, the problems with water contamination are expected to be even 

more serious. Once the array is packaged in the vacuum envelope, the pumping of the 

getter pumps is limited by the conductance of the panel. And water was found to be the 

biggest residual gas present in the panel.(see Figure 8.1). So, the central focus here is to 

understand the nature of the interaction of water with Mo field emitter arrays and its effect 

on the emission characteristics and device lifetimes. 

2. Experimental Details 

The UHV apparatus and the electronics and data acquisition instrumentation have 

been described in detail earlier. The dissolved gases like oxygen in the ultraclean water 

that used in the experiments, were removed by subjecting the glass bulb containing the 

water to a series of freeze pumping cycles. Water vapor is introduced into UHV system 

using a differential pumping method. The resulting changes in the emission characteristics 

of the arrays were measured as a function of total water exposure. These experiments 

were performed on four Spindt type Mo field emission cathode arrays. The cathode is 

grounded and a positive bias Vg = 60V is applied on the gate electrode. The anode was 
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Figure 8.1 Residual gases present in the vacuum envelope of a large area field emitter 

array, measured with a quadrupole mass spectrometer. 
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biased +300V with respect to the cathode and the current reaching the anode (Ia) was 

measured with a picoammeter. Automated data acquisition and measurement was 

accomplished with LabView data acquisition software [4]. The interaction of the field 

emitter array with the water vapor was examined with the ion detection setup described in 

Figure 3.2. The anode can be moved away from the field emitter array, thus permitting a 

line of sight access to the high resolution quadrupole mass spectrometer (QMS). 

3. Results and Discussion 

When active FEAs are exposed to water, dissociation and ionization of the water 

molecules by the field emitter electrons is to expected occur. QMS analysis of the ions 

generated from water - FEA interaction indicates the formation of H+, H2
+, OH+, 0+ , 

H20+, H30+ ions along with traces of MoH+, MoOH+, MoO+ ions. The ion signals are 

proportional to the emission current, thus indicating that they are a product of the 

ionization of the gas molecules by the field emitted electrons. H+, H2
+, 0 + ions are the 

dominant species, followed by smaller amounts of OH+, H20+. Therefore, the effects of 

water will be determined by the competing rates of oxygen interaction forming surface 

molybdenum oxides with the etching and surface conditioning of the tips by hydrogen 

ions. 

It has been shown earlier that oxygen exposure results in serious degradation. This 

is primarily because of the formation of surface molybdenum oxides on the tips, resulting 

in an increased work function. Whereas exposure of active Mo FEAs to hydrogen 

resulted in increased electron emission. Hydrogen free radicals formed by the impact of 

the field emitted electrons with H2, react with Mo tip surfaces resulting in the formation of 
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volatile molybdenum hydrides. These volatile molybdenum hydrides get pumped away by 

the vacuum system, leaving a clean Mo surface. Surface conditioning of the tips is 

reflected in the reduced work function and increased electron emission. 

Experiments were performed on four Spindt-type Mo filed emitter arrays. The 

effects of water on the FEAs was studied by measuring the emission characteristics as a 

function of water exposures. With the device active (Vg = 60V), water was introduced 

into the system through the differentially pumped variable leak valve. Typical exposures 

lasted for 1000 seconds at H2O partial pressures ranging from l.OxlO"9 to l.OxlO"6 Torr 

(corresponding to total exposures of in the range 1-5000L). The emission current was 

measured as a function of gas exposure. The emission current changes as a function of 

water exposures at an ambient H20 partial pressure of lxlO"6 Torr is shown in Figure 8.2. 

Soon after the introduction of water vapor into the system, the emission current went up. 

But after 30-40L exposures emission current degradation begins. 

The emission degradation ranges from -(28.8 ± 8.3)% after 50L exposures to 

almost 91% after a 4000L exposure. At 4000L, the degradation is so complete, reliable 

statistics could not be obtained. Device recovery to pre-water exposures levels is not 

possible after >1000L exposures. The emission changes after long exposures are very 

similar to the oxygen exposure results. The measurements for H20, 0 2 and H2 exposures 

are summarized in Figure 8.2 and similarities between H20 and 0 2 data clearly shows that 

the degradation is primarily due to the interaction of 0+ with Mo tip surfaces. 

In order to estimate the changes in the tip surface work function, I-V 

characteristics of the device were measured before and after each exposure. Changes in 
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Figure 8.2 Emission current as a function of exposure at an ambient H20 partial 
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the surface work function of the tips is reflected in the slope of F-N plots for clean and 

contaminated arrays. Assuming that the geometry and surface area of the tips remain 

unchanged after the exposures, the slope of a plot of log(I/V2) vs. 1/V is proportional to 

<J>32 [5]. If <E>C is the work function of a clean tip, then the modified work function (<I>d) 

after gaseous exposures is given by <t»d = (ma /mc)
m O c , where mc and m<f are the slopes 

of the F-N plot for the clean and modified field emitters respectively. 

The I-V and F-N curves for water exposures in the range 0 - 5000 L range are 

shown in Figures 8.3(a) and 8.3(b) respectively. With water exposures, the work function 

data do necessarily not reflect the emission behavior. For example, after a 1000L 

exposure the emission degrades by « 64%, so a significant increase in surface work 

function is expected. But the change in the slope F-N plot gives a work function decrease 

of 15.6%. Also, the changes in the slope do not follow any particular order, even through 

emission degrades monotonically with water exposures. It is speculated that this 

anomalous behavior is due to the strong electric fields present near the tips. A ionized or 

a highly polarized adlayer of OH or polarized H20 on the tip surfaces can lead to the 

observed phenomenon. 

To understand the device degradation and recovery, the ion species emanating 

from the device during its recovery were monitored. After exposing the array to 1000L of 

water, the anode was withdrawn and the ions emanating from the field emitter array were 

monitored with the high resolution quadrupole mass spectrometer (QMS). The QMS is 

computer controlled and has the capability to multiplex over eight m/q values. With the 
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QMS facing FEA in a line of sight position, various ions produced by the array during 

recovery were monitored. The measurements are shown in Figure 8.5. H*, H2
+ and 0 + 

are the dominant signal during device recovery. H+ and H2
+ do not track with either 0 + or 

H20+ signals. Similar observations have been made in earlier experiments with 02 . It has 

been speculated that hydrogen may originate from the bulk of Mo. Hydrogen is known to 

be highly soluble in Mo, forming loosing bound trihydrides. It may also have been trapped 

in the interstitials during high temperature processes associated with Mo deposition [6]. 

During field emission hydrogen may diffuse out of the bulk and once liberated may 

undergo ionization. 

In the dc mode of device operation, exposure of active field emitter arrays to H20 

result in = 64% emission degradation after a 1000L exposure. This is very similar to 

oxygen induced degradation. And therefore, the results of the analysis for 0 2 can be used 

to determine the device lifetime in the presence of water vapor. These results indicate 

that the partial pressure of water vapor in the vacuum panel must be kept at or below ~ 

lxlO"9 Torr (Pulsed mode) while working for a continuous 10000 hours of operation. 

Under these requirements, control of residual water vapor in the vacuum package 

isessential for the long term operation of field emission cathode arrays. 

4. Conclusions 

Exposure of active Spindt-type Mo field emitter arrays to water resulted in serious 

emission degradation. The emission degradation ranges from (13.8 ± 5.7)% for 50L to 

90.7% for 4000L water exposure. The emission degradation is caused by the oxidation of 
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the Mo tip surface, causing an increase surface work function. 
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CHAPTER 9 

SUMMARY AND CONCLUSIONS 

The interaction of active molybdenum field emission microcathode arrays with 

oxygen, water, carbon dioxide, methane, hydrogen and helium gases was studied. 

Experiments were setup to measure the emission characteristics as a function of gas 

exposures. The resulting changes in the surface work function of the tips were determined 

from the Fowler-Nordheim plots. The kinetics of the FEA-gas interaction were studied 

by observing the ion species originating from the array during and after gas exposures with 

a high resolution quadrupole mass spectrometer. With the work function data and the 

mass spectrometry information, the mechanisms responsible for emission degradation and 

subsequent device recovery after exposures have been determined. 

The data obtained from these measurements was used in estimating the device 

lifetimes under various vacuum environments. Also it was found that the gas exposure 

effects are similar in dc and pulsed modes of operation of the arrays, thus permitting the 

use of dc mode testing as an effective acceleration method in establishing the device 

lifetimes under various vacuum conditions. The vacuum conditions required for the long 

term emission current stability and reliability of vacuum microelectronic devices employing 

FEAs are established. 
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The interaction of an active field emitter array with oxygen bearing species like O2, 

C02 and H20 resulted in serious emission degradation. For exposure >10000L, the 

degradation was complete (= 99%) and the device could not be recovered. Mass spectral 

analysis of the ionic species produced by the interaction of these gases with active FEAs 

shows that 0 + ions are the dominant species. These 0+ ions would be accelerated to the 

tip where they react with the tip surface to form MoOx complexes. As the O coverage of 

the Mo tip surface increases, workfunction increases and the field emission decreases in 

accordance with the Fowler-Nordheim equation. Device recovery after gas exposure take 

place with the desorption of 0+ . This confirms that oxygen is being removed from the tip 

surface through a field desorption process. The O in the surface MoOx complex can 

succumb to field desorption and can thus be removed from the surface. 

Methane exposures resulted in emission current enhancement ranging from 2.5% 

after 10L to 245% after a 5000L methane exposure. The emission enhancement due to 

methane proceeds as follows: Methane undergoes dissociation and ionization by the field 

emitted electrons. The energetic hydrogen species react with Mo tips forming volatile 

molybdenum hydrides which get pumped away by the vacuum system, leaving clean tip 

surfaces. The carbon free radicals interact with Mo tip surfaces forming stable surface 

molybdenum carbides, resulting in a decreased surface work function of the tips. Work 

function reduction of (8.9 ± 2.5)% and (20.5 ± 2.5)% respectively, were observed after 

10 and 1000L methane exposure. Further evidence for the formation of molybdenum 

carbides was the observation of MoC+ ions during methane - FEA interaction. 
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Exposure of active arrays to hydrogen resulted in increased electron emission. This 

provides a convenient and efficient process for cleaning molybdenum FEAs, well suited 

suitable for in situ high vacuum processing. Upon impact with the field emitted electrons, 

hydrogen undergoes dissociation and ionization. Emitter tip surface cleaning is 

accomplished by the interaction of these hydrogen free radicals with molybdenum, 

resulting in the formation of volatile molybdenum hydrides, which get pumped away by 

the vacuum system. Surface conditioning of the tips is reflected in the reduced work 

function and increased emission current. Emission enhancement reaches a maximum for 

total exposures of 1000-1500 Langmuirs of H2. Small exposures of helium caused an 

increase in emission current, but exposures >5000L resulted in serious device degradation. 

In conclusion, exposure of Mo field emitter arrays to oxygen bearing species like 

oxygen, water and carbon dioxide resulted in serious emission current degradation. 

Whereas, exposure to methane and hydrogen caused a significant increase in emission 

current. The control of residual gases in the vacuum envelope is essential for the emission 

current stability and long term reliability of vacuum microelectronic devices employing 

field emission microcathode technology. 
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