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The growth mechanism of chemical vapor deposition (CVD) grown homo-

epitaxial diamond (110) and (111) films was studied using ultrahigh vacuum (UHV) 

scanning tunneling microscopy (STM). In addition, the field emission properties of 

diamond coated molybdenum microtips were studied as a function of exposure to 

different gases. 

We observe that homo-epitaxial diamond (110) films grow very rough due to 

striations. The striations are found to be due to the appearance of (111) faces and contain 

(100) steps. UHV STM atomic resolution images of the diamond (110) films show a 

( lxl) zigzag structure that measures 1.5 Ax 1.5 A, in agreement with theoretical 

predictions for the hydrogen terminated diamond (110) surface. 

We observe that homo-epitaxial diamond (111) films grow in a defective manner 

characterized by islanding and steps. The defective structures are not due to 

microtwinning. The island size and step width decrease as the growth temperature 

decreases. This supports a model in which growth is mediated by the diffusion of carbon 

atoms on the surface. Atomic resolution imaging of the islands shows a (1 xl) six-fold 

atomic structure that measures 2.54 A><2.54 A. 



In the field emission studies, diamond coated and uncoated Mo microtips were 

exposed to 02 , H2, and N2. A novel positioning system was designed and constructed that 

allows a comparison of the field emission properties of different microtips. Exposure of 

uncoated Mo microtips to 10 L of 0 2 is found to degrade the emission current 

significantly. After exposure to 100 L of 02 , the emission current from the uncoated Mo 

microtips disappears. However, diamond coated Mo microtips show very stable field 

emission properties even after exposure to 1000 L of 02 . The field emission current of 

both coated and uncoated Mo microtips increases after exposure to H2. N2 slightly 

increases the emission current from uncoated Mo microtips. However, diamond coated 

Mo microtips do not show any changes after exposure to N2 . These results show that 

diamond coated Mo microptips exhibit significantly more stable and reliable field 

emission characteristics than unocated Mo microtips in the presence of these gases. 
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CHAPTER 1 

INTRODUCTION 

This dissertation is devoted to two subjects: the growth mechanism of chemical 

vapor deposition (CVD) grown homo-epitaxial diamond (110) and (111) films using 

ultrahigh vacuum (UHV) scanning tunneling microscopy (STM), and the field emission 

properties of diamond coated Mo microtips as a function of gas exposure. In this chapter, 

the motivation for these studies and a synopsis of our results are presented. 

1.1 Growth Mechanism of CVD Grown Homo-Epitaxial Diamond (110) and (111) 

Films 

Diamond is a very attractive technological material because of its unique 

properties. These properties include high thermal conductivity, wide band gap, high 

electron and hole mobility, high hardness and low frictional coefficient [1], as shown in 

table 1.1. These outstanding properties make diamond a useful material for heat sinks, 

high power and high temperature semiconductor devices, and coatings on cutting tools 

and bearings. Recently, the observation of negative electron affinity (NEA) in CVD 



Table 1.1. Properties of diamond. 

Property Value Units 

Hardness l.OxlO4 kg/mm2 

Strength, tensile > 1.2 Gpa 

Strength, compressive > 110 GPa 

Coefficient of friction (dynamic) 0.03 dimensionless 

Sound velocity 1.8xl04 m/s 

Density 3.52 g/cm3 

Young's modulus 1.22 Gpa 

Poisson's ratio 0.2 dimensionless 

Thermal expansion coefficient l.lxlO"6 K-1 

Thermal conductivity 20.0 W/cm-K 

Thermal shock parameter 3.0xl08 W/m 

Debye temperature 2200 K 

Optical index of refraction (@ 591nm) 2.41 dimensionless 

Optical transmissivity (from nm to far IR) 225 dimensionless 

Dielectric constant 5.7 dimensionless 

Dielectric strength l.OxlO7 V/cm 

Electron mobility 2200 cm2/V-s 

Hole mobility 1600 cm2/V-s 

Work function NEA eV 

Band gap 5.45 eV 

Electron saturated velocity 2.7xl07 cm/s 

Hole saturated velocity l.OxlO7 cm/s 

Resistivity 1013-1016 Q-cm 
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grown diamond films opened another application in the area of field emission flat panel 

displays [2]. 

In order to utilize diamond for many of the applications mentioned above, the 

growth of CVD diamond with high crystal quality needs to be accomplished. For 

instance, in order to use diamond as a semiconductor in electronic components, the 

electronic properties of diamond need to be reproducible and controllable and single 

crystal diamond needs to be grown. CVD diamond has been grown on various substrates. 

Diamond grows as a single crystal on diamond substrates [3]. However, growth of 

diamond films on diamond substrates is not economical. Growth of diamond on non-

diamond substrates, such as Si, results in polycrystalline diamond with graphitic material 

at the grain boundaries [4]. Polycrystalline diamond films have poor electrical properties 

due to the grain boundaries and defects. However, homo-epitaxial diamond films show no 

differences in properties in comparison with natural diamonds [5]. 

In order to comprehend the growth mechanism of CVD diamond, which is 

currently not well understood, growth of low index planes such as (100), (111) and (110) 

must be understood. So far, several UHV STM studies have been done on the (100) face 

[3,6,7]. However, no UHV STM studies have been carried out on the (110) and (111) 

faces. The growth rate, atomic structure, film morphology and growth conditions are all 

different for each face [8,9,10]. Therefore, the growth mechanism of each face should be 

different. 

In our studies, CVD grown diamond films were characterized using Raman 

spectroscopy, scanning electron microscopy (SEM) and UHV STM. In particular, surface 



morphology and atomic structures were studied using UHV STM. Our UHV STM, 

ordinary CVD growth system, UHV coupled CVD system and Raman system are 

described in detail in chapter 2. In addition, the operational principle of STM is discussed 

in chapter 2. Experiments determining growth conditions and boron doping level for 

epitaxial diamond film growth in our system are described in chapter 3. 

In chapters 4 and 5, the study of the growth mechanism of CVD grown homo-

epitaxial diamond (110) and (111) films using UHV STM is presented. Our study shows 

that homo-epitaxial diamond (110) films grow very rough because of striation. 

We observe that the striations are due to the appearance of (111) faces and contain (100) 

steps. We report, for the first time, atomic resolution UHV STM images of the diamond 

(110) surface showing a (lxl) reconstruction in excellent agreement with theoretical 

predictions. In the study of homo-epitaxial diamond (111) films, we observe that 

diamond (111) films grow via island growth resulting in a very rough and defective 

surface. The size of the triangular islands and width of the mono-atomic steps decrease as 

the growth temperature decreases. This observation implies that the growth process is 

mediated by the diffusion of carbon atoms on the surface. These results indicate that the 

diamond (100) face grows smoother and with fewer defects than the (110) and (111) 

faces. 

1.2 Field Emission Properties of a Diamond Coated Mo Tip 

The operation of vacuum electronic devices such as the cathode ray tube (CRT), 

vacuum tube and electron gun is based on thermionic electron emission. In order to 

achieve thermionic electron emission, the filament located inside these devices is heated 



enough to eject electrons from the tail of the Fermi level into vacuum [11], As a result, 

exposure of the hot filament to residual gases such as H2, 02, CO, C02, H20 and N2 

induces chemical reactions. In particular, it is reported that 02 , CO, C02, and H20 cause 

the oxidation of the hot filament. The oxidation seriously poisons the thermionic cathode 

[12,13]. In addition, radiative heating from the hot filament may damage surrounding 

devices [11]. The CRT is very bulky because it requires a long path to accelerate the 

thermionic electrons. 

However, instead of boiling electrons off the surface of a cathode, electrons can 

be emitted by reducing the surface potential barrier of the cathode. The reduction of 

potential barrier at the surface can be accomplished by applying a high electric field on a 

sharp tip, as shown in Fig. 1.1. In a cold cathode, electrons are emitted into vacuum via a 

A1 coated phosphor 
FacePlate 

Vacuum Electrons 

H Microtips 

Insulator 

Cathode 

Base plate 

Figure 1.1. Spindt-type field emission array consisting of millions of microtips 
per square centimeter. The height of the microtips and diameter of the apertures 
are approximately 1 |j.m. 



6 

surface potential barrier that is lowered by the applied electric field. The field-emitted 

electrons accelerate toward the anode due to the high electric field between the cathode 

and anode. The electric field is strong enough to ionize residual gases by electron impact. 

The ionization of residual gases results in ion bombardment of the emitter tips. This ion 

bombardment is reported to contribute to a gradual decrease in the emission current at 

constant voltage and eventually to the failure of field emission from the tip [14]. 

If diamond is coated on Mo and Si microtips, which are currently used in most 

cold cathode devices such as field emission arrays (FEAs) [15,16], the electric field 

needed for field emission can be lowered significantly because the diamond surface has a 

low effective work function [17,18]. Also, the chemical inertness of the diamond surface 

should result in greater stability in emission current because Mo and Si microtips are 

reactive to residual gases [19,20]. In addition, diamond coating should make microtips 

more resistive to ion sputtering since diamond has very strong bonding. 

Because of these advantages, diamond coated metal and Si microtips are under 

intensive study for applications in field emission displays (FEDs), vacuum 

microelectronics, and other cold cathode applications. At present, the FED market is 

dominated by liquid crystal displays (LCDs). However, LCDs have significant 

disadvantages such as limited colors and viewing angle, slow response and large power 

consumption [21]. The annual revenue of the flat panel display industry by the end of the 

century is expected to be 14 billions dollars [22]. 

In chapter 6, the experimental set-ups for the field emission studies including the 

field emission vacuum system and positioning system are described. Experimental 
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techniques such as the fabrication of diamond coated and uncoated Mo microtips and the 

introduction of gases without contamination of the vacuum system are explained in detail. 

In chapter 7, the field emission theory of a metal tip and the effects of oxygen on the field 

emission characteristics of diamond coated and uncoated Mo microtips are discussed. In 

chapter 8, the effects of hydrogenation on both diamond coated and uncoated Mo 

microtips are presented. In chapter 9, the effects of nitrogen exposure on both diamond 

coated and uncoated Mo microtips are discussed. In chapters 7 through 9, Fowler-

Nordheim (F-N) plots are presented and a comparison of the field emission characteristics 

of diamond coated and uncoated Mo microtips is made. Our most important observation 

is that the field emission current from diamond coated Mo microtips degrades 

significantly less as a result of exposure to 02 and other residual gases than the field 

emission current from uncoated Mo microtips. 
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CHAPTER 2 

EXPERIMENTAL SET-UP AND TECHNIQUES FOR THE GROWTH AND 

CHARACTERIZATION OF CHEMICAL VAPOR 

DEPOSITED DIAMOND FILMS 

2.1 Chemical Vapor Deposition Growth System 

There are currently two techniques used to grow synthetic diamond. The first 

technique involves high pressure and high temperature (HPHT), and the second uses 

chemical vapor deposition (CVD) [1]. Low-pressure CVD diamond was first successfully 

grown by W.G. Eversole in 1952 [2], however, the growth rate was too low for 

commercial applications. Since it was reported that large amounts of atomic hydrogen in 

the CVD process dramatically increases the growth rate [3], this process has become the 

most popular method used world-wide to grow diamond. Chemical vapor deposition 

growth of diamond involves a combination of various gases and growth conditions. The 

major gas used for growth is hydrogen. As a carbon source, various types of 
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hydrocarbons are used. Since diamond is an insulator due to a wide band gap, doping the 

CVD films is often used to increase the electrical conductivity. Currently, the most 

common choice for doping is boron. Diamond films are typically grown on Si and natural 

or HPHT synthetic diamond substrates [4,5,6]. Diamond films grown on Si substrates are 

polycrystalline and diamond films grown on diamond substrates are single crystal. To 

grow diamond films on Si requires that the substrate be pre-seeded by scratching it with 

diamond powder or exposing it to a hydrocarbon plasma for 15 minutes [7 ]. Diamond 

growth on diamond substrates does not require pre-seeding. 

Schematics of our two experimental diamond growth systems are shown in 

Fig.2.1 and Fig. 2.2 [8]. The first system, shown in Fig. 2.1, is used for general growth. 

The second system, shown in Fig. 2.2, is attached to an ultrahigh vacuum (UHV) 

scanning tunneling microscopy (STM) system and is used for UHV STM studies. Figs. 

2.3 and 2.4 show the sample holder and growth flange assembly for the regular CVD 

system and CVD system attached to the UHV STM system, respectively. The sample is 

placed on a quartz plate and wrapped with Mo foil that is 0.002" thick. The quartz plate is 

placed on the sample holder and a tungsten wire that is 0.001" in diameter is mounted 

above the substrate. The space between the sample and the filament is typically 1 T h e 

sample is heated by resistive heating of the Mo foil. 

In our systems, low-pressure CVD growth is achieved by using research purity 

hydrogen and methane gases. Diborane gas (B2H6) is used when one wants to dope the 

films with boron. The flow rate of each gas is regulated by individual flow meters that 

read in units of standard cubic centimeters per minute (SCCM). Hydrogen is first 
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Figure 2.1 Schematic of (a) top and (b) side views of the chemical vapor deposition 

diamond growth system. The system includes three electronic flow meters, two pressure 

gauges, a filament power supply, a sample heater, and a sample temperature controller. 

Growth is controlled by adjusting gas flow rates, gas pressure, sample temperature, 

filament temperature, and filament to sample distance. 
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Figure 2.2. Schematic of the chemical vapor deposition system attached to the ultrahigh 

vacuum scanning tunneling microscopy system. The growth chamber consists of a water 

cooled 5-way cross with 4 5/8" conflat flanges. The growth chamber is attached to a UHV 

STM system using an all metal through valve. A unique feature of this system is that 

diamond films can be transferred after growth to the UHV STM chamber without 

contaminating them by exposure to air. 
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Figure 2.3 Detailed schematic of the sample holder inside the chemical vapor deposition 
system shown Fig. 2.1. a) Top view b) Side view. 

introduced into the system until the pressure reaches 30 torr. The pressure is measured 

using a diaphragm-type capacitance gauge. The sample temperature is set in the range 

from 6000 C to 9000 C, and the tungsten filament temperature is set at 22000 C. In our 

CVD process, neutral gases from the gas bottles are broken into radicals by the hot 

tungsten filament. The temperature of the filament and sample are measured using a 

disappearing filament type pyrometer [9]. This type of pyrometer works by comparing 

the color of a calibrated filament inside the pyrometer to the color of the object of 

interest. When the color of the object becomes indistinguishable from the calibrated 
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filament as the filament is superimposed on the object, the reading is the temperature of 

the object. In measurements of the sample and filament temperature, the emissivity of the 

sample and filament must be taken into consideration. Finally, methane, which is the 

carbon source, is introduced. The methane to H2 gas ratio is typically in the range 0.6% 

to 1.0%. 

Diamond films grown in the CVD system that is attached to the UHV STM 

system are transferred to the UHV STM chamber. This is accomplished as follows. After 

growth, a turbo-molecular pump, which is set at the rear side of the CVD chamber and 

isolated from the chamber by a gate valve, is used to pump the chamber to a pressure 

below 5 x 10"7 Torr in less than 30 minutes. The main gas inside the CVD chamber at 

this pressure is hydrogen. On the CVD growth chamber, the electrical feed-throughs and 

water feed-throughs to the sample holder are all connected to the top flange that is 

mounted on a linear translator, as shown in Fig. 2.4. This linear translator can travel 

approximately 5 inches. In addition, a horizontal linear translator on the side of the CVD 

chamber, shown in Fig. 2.2, is used to pick-up the specimen after growth and transport 

the specimen to the UHV system. An all metal valve between the growth and UHV STM 

chambers is opened for sample translation into the UHV system. In this maimer, the 

specimen is translated to the UHV system without contamination by exposure to air. 

2.2 Raman Spectroscopy System 

Raman spectroscopy is an extremely useful technique for characterizing diamond 

films. Probing diamond films with Raman spectroscopy has some advantages over 

electron microscopy and electron diffraction [10]. For instance, transmission electron 
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Figure 2.4. Detailed schematic of the sample holder inside the chemical vapor 
deposition system that is attached to the ultrahigh vacuum scanning tunneling 
microscope system shown in Fig. 2.2. 

microscopy (TEM) requires laborious sample preparations to allow electron beams to 

penetrate the diamond films and the sample preparation is destructive. Because diamond 

films may not be very conducting, scanning electron beams used in scanning electron 

microscopy (SEM) deposit electrons on the diamond film and cause charging problems 

that make characterization difficult. Electron diffraction techniques are sensitive to very 

small diamond areas and the results can therefore be misleading [11]. In comparison to 

TEM and SEM, Raman spectroscopy is a non-destructive method that provides 

fingerprint-like information on diamond films with less effort. 

2.3 Theory of Raman Spectroscopy 

When monochromatic radiation of frequency co0 is incident on a sample, 
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scattering of the incident radiation takes place. If the frequency of the scattered radiation 

is analyzed, not only the presence of co0, but also co = co0 ± Aco is observed. The frequency 

difference ,Aco, corresponds to the microscopic vibrational and rotational motion of atoms 

comprising the sample. Such scattering of incident light with a frequency shift is called 

Raman scattering after the scientist C.V. Raman, who first reported this phenomenon in 

1928 [12]. 

The frequency shift observed in Raman scattering is explained in terms of energy 

transfer between the incident photon and the quantized vibrations of the scattering system 

called phonons. As the system interacts with incoming photons of frequency fo0, the 

incident photons triggers phonon transitions from a lower energy level E, to a higher 

energy level E2. The required energy, AE = (E2- E,), for the upward phonon transition is 

provided by the annihilation of the incoming photon and the creation of a photon with 

energy h(oj0-Aco). Due to this mechanism, a scattering resulting in a lower photon 

frequency, (co0-Aco), is achieved. Alternatively, a downward phonon transition from an 

energy level E2 to lower energy level E, occurs by the creation of a photon with energy 

h(co0+Ato). In this case, scattering resulting in a higher photon frequency co0+Aco occurs. 

The annihilation of the phonon results in an energy gain for the photon. It is obvious that 

a Raman spectrum is characterized by downward and upward shifts in frequency of the 

incident radiation. The energy loss of a photon is termed Stokes scattering and the energy 

gain is called anti-Stokes scattering. The intensity of anti-Stokes relative to Stokes Raman 

scattering decreases exponentially with an increase in frequency shift because the thermal 

phonon population of higher energy states decreases exponentially as the energy 
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difference, AE, increases [13]. 

Raman spectroscopy became feasible with the appearance of powerful intense 

monochromatic light sources such as lasers and highly sensitive photon detectors such as 

photomultiplier tubes. During the nineteen fifties, a mercury arc lamp was the most 

common light source. A mercury arc provides only one strong line in the visible range in 

the blue range at 4358.3 A . There are two almost unusable lines in the visible range that 

are at 4046.6A (violet) and 5460.7A (green). This is the biggest obstacle to analyzing 

samples that are colorless or pale yellow [14]. 

Our Raman system, shown schematically in Fig. 2.5, consists of a Coherent 

Innova 90 Ar ion laser with a maximum power of 5 watts operating at all lines [8,15]. A 

prism in the laser cavity is used to select visible lines from 4579 A to 5145 A . Special 

optics can be used to obtain UV lines of wavelengths 3511 A and 3638 A . Two prisms in 

front of the laser, shown in Fig. 2.5, and a long optical path to the spectrometer are used 

to remove plasma lines from the laser beam. The incident beam is collected by lens 

(1) having a focal length of 50 cm and focused on the sample by using a beam reflector. 

The scattered light from the sample is focused into the spectrometer by using lenses (2) 

and (3). On the exit side of the spectrometer, a Hamamatsu GaAs photomultiplier tube 

(PMT) is mounted for photon detection. The tube has a gain of 108 and is cooled by a 

thermo-electric cooling system to reduce the dark count produced by thermionic 

emission. The PMT amplifies the signal by accelerating photo-electrons emitted by the 

incident signal through a series of dynodes set inside the tube. Bursts of photo-electrons 

eventually arrive at the cathode that is biased at -1500 V and are transformed into voltage 
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Figure 2.5. Raman spectroscopy system 

pulses. The pulses are sent to a computer where they are counted and a spectrum is 

displayed. 

Scattering resulting from small scattering centers such as molecules, called 

Rayleigh scattering, and scattering due to large centers such as dust, called Mie 

scattering, are always present with Raman scattering during an experiment. It is difficult 

to make a generalization about the relative intensity of Rayleigh scattering to Raman 

scattering since they depend on many parameters such as the physical state, chemical 

composition, and direction of observation with respect to the direction of the incident 

beam. But if we make a rough comparison, Rayleigh scattering intensity is about 10"3 
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times that of the incident radiation and Raman scattering intensity is about 10"3 times that 

of Rayleigh scattering [16]. 

The scattering mentioned above and electrical noise from devices like 

photomultiplier tube are problems that must be minimized for enhanced signal to noise 

ratio in the data. Any photo-multiplier tube at a temperature above absolute zero always 

generates a thermionic dark count. Generally, Rayleigh scattering is more intensive than 

Raman scattering. As a result, some light at the exciting laser frequency diffuses into the 

spectrometer. Also, the sample may yield a broad fluorescence line in addition to a 

Raman signal. The fluorescence may appear at the same frequency as the Raman line. 

The above background sources of light contribute to stray photo-electron pulses in the 

photomultiplier tube. 

It is known that the statistical fluctuation of pulses coming from background 

sources is governed by the Poisson distribution [16]. For large numbers of pulses counted 

per second, the Poisson distribution converges to a normal distribution. Therefore, the 

ratio of signal to noise in the Raman spectrum is proportional to the square root of the 

Raman signal. One might therefore improve the signal to noise ratio by a factor of two by 

spending four times as long collecting data or by increasing the incident light power by a 

factor of four. 

In Fig. 2.6(a), the Raman spectrum of a boron-doped epitaxial diamond film 

grown on a synthetic type II b diamond (110) substrate exhibits the characteristic sp3 

carbon-carbon line at 1332 cm"1 with full width-half maximum (FWHM) of 2 cm"1. The 

sharp diamond peak indicates that high quality diamond film is grown on the substrate. 
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However, the Raman spectra for diamond films grown on non-diamond substrates depend 

on the substrate and growth conditions. A CVD diamond film grown on a p-type Si (100) 

substrate using high boron concentration exhibits other Raman peaks in addition to the 

unique diamond Raman peak at 1332 cm1, as shown in Fig. 2.6(b). A fit to the spectra 

using the software Peakfit [17] shows peaks corresponding to other forms of carbon such 

as nanocrystalline diamond, nanocrystalline graphite, crystalline graphite, and amorphous 

spt-sp3 networks [18]. Table 2.1 lists the accepted positions of these peaks [18]. 

2.4 Ultra-High Vacuum System 

A surface is always interacting with its environment via some type of mechanism. 

The physical and chemical interactions occurring at the surfaces of substances are 

difficulties and obstacles hindering our studies of real and clean surfaces. In air, such 

interactions take place about a thousand million times a second. It is impossible to study 

clean surfaces of objects in air. The time that is required to deposit a monolayer of atoms 

due to contact with the surroundings generally increases as the pressure decreases. The 

time at 10"6 Torr is a few seconds. As we reach ultrahigh vacuum, below 10'10 Torr, the 

mono-layer deposition time is on the order of ten thousand seconds or longer depending 

on the sticking coefficients. Even if the surface of a specimen is contaminated by 

residual gases during the sample introductory process, surface treatments to clean the 

surface such as heating should be conducted in UHV to keep the surface clean. 

Our UHV STM system, shown in Fig.2.2, is equipped with many vacuum devices 

necessary to perform surface studies. The base pressure of the system is 5 x 10"" Torr or 

below. This pressure is maintained by an ion pump with a pump rate of 400 liters per 
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Figure 2.6. (a) Raman spectrum of a boron doped epitaxial diamond (110) film. A sharp 

peak at 1332 cm"1 corresponding to crystalline diamond is observed, (b) Raman spectrum 

of a highly boron-doped polycrystalline diamond film grown on a Si substrate. In 

addition to the crystalline diamond peak at 1332 cm"1 (peak 2), peaks corresponding to 

nanocrystalline diamond (peak 1), nanocrystalline graphite (peak 3), amorphous sp2-sp3 

(peak 4), and crystalline graphite (peak 5) are observed. 
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# Position (Cm1) FWHM(Cm-') Assigned to 

1 1150 80 nanocrystalline diamond 

2 1332 7 crystalline diamond 

3 1345 250 nanocrystalline graphite 

4 1470 80 amorphous spP-sp3 

5 1560 110 crystalline graphite 

Table 2.1. List of Raman peaks typically found in polycrystalline diamond films grown 
using high boron concentrations. Numbers correspond to the peaks labeled in Fig. 2.6 
(b). 

second and a titanium sublimation pump with a liquid nitrogen cooled shield. A scanning 

tunneling microscope, one of the most powerful probe microscopes for surface studies, is 

mounted on our system. In order to clean the sample surface, we have the capability of 

heating the sample on a heater stage that is able to heat above 11000 C. 

Sample heating degrades the vacuum system to high pressures. This is because the 

heating process evaporates impurities on the sample and sample holder into the vacuum 

system. Operation of a titanium sublimation pump whose pumping speed is greater than 

5,0001/s is used to keep the pressure down during sample heating. 

2.5 Scanning Tunneling Microscopy 

All materials can be classified into two groups: crystalline or amorphous . 

A crystalline material has regularity and periodicity over its structure. However, such 

repetitive order cannot be found in amorphous materials from the macroscopic point of 

view. As regular and repeating structures arrive at the surface of crystalline substances, 
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the atoms are not able to maintain the same structure as inside the bulk. The atoms near 

the surface reposition themselves to form stable energy configurations. In the process, 

atoms from the top-most layer to a few atomic layers down into the bulk participate in 

surface reconstructions, and the reconstructions result in different atomic structures and 

electronic states from those of the bulk. 

Many solid state phenomena such as epitaxial growth, oxidation, adsorption, 

diffusion and phase transformations take place near the surface and are induced by near-

surface atomic configurations and electronic states [19]. So, studying surfaces of 

materials and understanding the nature of reactions, structures, and electronic states of 

surface atoms has been a primary aim of researchers around the world for decades. 

There are many instruments that characterize materials and their structures based 

on different physical phenomena. Not until the scanning tunneling microscope [20] 

revolutionized the scanning probe method of investigating materials was our detailed 

understanding of surface physics at atomic scales possible. Previously, only a few 

experimental devices were available that delivered only indirect and incomplete glimpses 

of atomic structure at the surface. 

The basic idea behind STM is the quantum mechanical tunneling phenomenon, 

which is the penetration of electrons through a potential barrier higher than the energy of 

the electrons. Such an effect can be observed when a very sharp tip under positive or 

negative bias is positioned above the sample within the tunneling range, which is less 

than 1 0 A . The tunneling current at small bias can be described by the following equation 

[21]: 



/ « V exp(-2K) where K = s 
2 m cp^1'2 
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(2.1) 
*2 

V is the bias applied between the tip and sample; <p is the local barrier height experienced 

by tunneling electrons between the tip and sample [22]; s is the tip-to-sample separation; 

and m is the mass of the free electron. As shown in the above equation, the tunneling 

current exponentially decreases as the barrier width, K, increases. Supposing that the 

work function is about 4 to 5 eV, then 2K/S is roughly 2A'1. Therefore, the tunneling 

current drops by approximately an order of magnitude for every 1A increase of the barrier 

width. Therefore, tunneling is an extremely distance-sensitive process and can be 

observed only for extremely small separations. It is for this reason that atomic resolution 

can be achieved using STM. 

Positioning a tip into the tunneling region, maintaining a stable tunneling current, 

and scanning the sample with atomic resolution without crashing the tip demand highly 

precise control of tip placement, an atomically sharp tip, a vibration isolation stage with 

very low resonant frequencies, and fast feedback electronics. In the early years of the 

STM era, achieving atomic resolution was hindered by technological difficulties. When 

Binnig et. al [23] published the first STM image of the Si (111) 7x7 reconstruction in 

1983, the reproducibility of the result was put into question because only selected groups 

[24,25,26] were able to reproduce the same image due to such difficulties. 

Because tunneling happens for sample-tip separation less than lOA, we need a 

device that transports the tip within that range. A piezoelectric scanning tube is able to 
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bring the tip from far away from the sample to within tunneling distance [27]. The 

forward and backward motion of the scanning tube should be smooth and controllable 

with minute backlash in order to prevent the tip from crashing into the sample. Scanning 

tubes made from the piezoelectric ceramic PZT [Pb(Zr,Ti)03] are used in most 

commercial STMs because they meet the following requirements: high resolution (less 

than 1 A in the lateral direction and 0.05A in the vertical direction), orthogonality ( 

movement along each axis should be independent), linearity ( amount of movement 

should be linearly proportional to the applied voltage), mechanical rigidity (a rigid 

scanner should have a high resonant frequency that is suitable for vibrational isolation 

and feedback performance), large scanning range (to cover as large a sample area as 

possible) [28]. 

As shown in Fig. 2.7 and Fig. 2.8, our STM, from Burleigh Instruments, Inc. [29], 

is equipped with two piezo actuators, an inchworm motor and a scanning tube. The 

inchworm motor provides coarse positioning control. It is used for the initial tip 

positioning to locate the tip within a few microns from the sample. The scanning tube is 

mounted inside the inchworm motor shaft and the tip protrudes from the end of the tube. 

The scanning tube provides atomic resolution movement along three axes in an 

orthogonal pattern. Its scanning motion over the sample is accomplished by extending 

and contracting the tube, which is activated by the applied voltage. The inner surface of 

the scanning tube is a single silver or nickel electrode regulating the Z offset and the outer 

surface of the scanning tube is zoned by four silver or nickel electrodes arranged as 

opposing pairs, as shown in Fig. 2.7 (a), to perform X and Y motion by bending it in the 
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Figure 2.7. a) Piezoelectric scanning tube b) Inchworm motor. 

proper direction [27]. 

After coarse and fine adjustments place the tip into the tunneling range, the 

tunneling current is measured by a current-to-voltage pre-amplifier that amplifies the 

signal by a factor of 10 8~109. As shown in Fig. 2.9, the amplified tunneling current is 

subtracted from the reference current that is set by the user and the error value, which is 

the difference between the measured and reference current, is sent into the proportional 

and integral (PI) controller and amplified by the PI controller to adjust the position of the 

tip over the sample [29], The PI controller uses a conventional proportional and integral 

function to minimize the error value. The integral gain of the feedback loop controls the 

speed of the feedback response. If the integral gain is set too low, feedback operation is 

slow and if it is set too high, the tip will oscillate. Proportional gain controls how far the 

tip is advanced for a given error value. It is not cumulative and makes adjustments in 

proportion to the current error (or log of current error) [29]. The STM system is able to 

run in two different modes for data acquisition: topographic and constant height. In 
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Figure 2.8. a) Scanning tunneling microscope from Burleigh Instruments, Inc. b) 
Schematic of the tunneling process between the tip and sample. 

topographic mode, the feedback loop is involved in continuous change of the z height in 

order to keep the tunneling current the same as the reference current. To accomplish z 

height compensation, the amplifier supply voltage is proportional to the error signal. The 

z height voltage is stored and used to construct the image. 

The fundamental concept behind the constant height mode is the same as the 

topographic mode, but there is no z height compensation. In constant height mode, the 

scanning speed of the tip is much faster than in topographic mode because the z 

compensating motion generated by feedback operation slows the scanning process. In 

constant height mode, instead of measuring the z height voltage, the variation of 

tunneling current as the tip-sample distance changes due to the sample surface 

morphology is converted into images. 

Not only successful operation of the feedback system but also a sharp tip is 
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Figure 2.9. Feedback loop for scanning tunneling microscopy. 

necessary for the stability of the tunneling current. STM needs a tip with a single atom at 

the apex . The tunneling tip is the most critical part of the STM [30] because the 

geometry and material of the tip can influence both topographic and spectroscopic 

measurements [31,32]. Multiple atoms at the end of the tip result in superimposed images 

[33], The best images are obtained when a single atom at the end of the tip scans over an 

atomically flat sample. It is hard to control the shape of the tip down to the final atom, but 

if some refractory metals are fractured or cut, the rough surface of the metals ends up 

with a single atom at the pinnacle. For tip materials, platinum-iridium(Pt-Ir), gold, and 

tungsten are used widely. Tungsten is the least expensive and hardest material amongst 

them, but it forms a thin oxidation layer in air that degrades the STM image quality [34]. 

Tungsten can be used only for tunneling inside UHV and before operation, the thin 

oxidation layer must be removed by using electron bombardment. Pt-Ir and gold are both 

stable in air so they are suitable for air tunneling, but these materials are costly and very 

soft compared to tungsten that can survive a light crash. 

Pt-Ir and gold tips are prepared by cutting them in air using a wire cutter. 
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Figure 2.10 a) Tip-etching device 
b) scanning electron microscopy picture of 
an electro-chemically etched tungsten tip 
c) a close-up of the apex of an etched tip. 

Tungsten tips are prepared by using dc electrochemical etching. As shown in Fig. 2.10 

(a), tungsten tip etching involves 2 molar solutions of aqueous NaOH or KOH. A 

tungsten wire 0.02" in diameter is submerged in the etching solution 2-3 mm. After the 

tip is etched, the tip is dipped in 45% HF for a few seconds to remove the oxidation layer 

and then rinsed in deionized water. A platinum wire is used as a counter electrode in the 

solution. A positive dc voltage of about 10 V is applied to the wire making the tungsten 

wire the anode. It is very important not to move the tip during the etching process in 

order not to disturb the etching process taking place where the tip makes contact with the 

surface of the chemical [29]. We use a vibration isolation table to minimize room 

vibration disturbances and a double beaker to minimize vibrations from bubbles that form 

on the platinum counter electrode. There are many parameters determining the geometry 
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Figure 2.11. Atomic resolution UHV STM image of the Si(100) (2x1) reconstruction. 
The image is obtained using an etched tungsten tip with a tunneling current of 0.3 nA 
and tip bias of 4000 mV. 

of the tip such as solution concentration, cutoff time, immersion depth, and current. 

Immersion depth and cutoff response time are the most crucial parameters for making an 

ideal tip. It has been reported that excessive length of wire under the surface of the 

chemical leads to recoil or plastic deformation as the tip drops [35]. Slow cutoff results in 

a broadened tip with a large cone angle and improper concentration induces a double 

necked tip [34]. Fig. 2.10 (b) and (c) show SEM pictures of a good etched tungsten 

tip.The tip apex in Fig. 2.10 (c) is on the order of 100A in radius. 

Our UHV STM system is checked and calibrated before each experiment by 

imaging standard surfaces. Fig. 2.11 shows a UHV STM image of the Si (100) (2><1) 

reconstruction obtained in our system using an etched tungsten tip. 
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CHAPTER 3 

DETERMINATION OF BORON DOPING LEVEL AND OPTIMUM 

GROWTH CONDITIONS FOR CHEMICAL VAPOR 

DEPOSITED DIAMOND FILMS 

3.1 Introduction 

This chapter discusses how we determined optimum boron doping levels and 

growth conditions for diamond films grown using the growth systems shown in Fig. 2.1 

and Fig. 2.2. Boron doping is necessary to increase the conductivity of diamond films so 

that they can be imaged using ultrahigh vacuum (UHV) scanning tunneling microscopy 

(STM). The doping and growth parameters obtained in these studies were used to grow 

and study epitaxial diamond (110) and (111) films, as described in chapters 4 and 5, and 

polycrystalline diamond films on Mo microtips, as described in chapters 7 and 8. 

A series of diamond films with different boron concentrations were grown by 

using the hot-filament chemical vapor deposition (CVD) method. The purpose of 
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diamond film deposition using various boron concentrations was to study the effect of 

boron on crystal composition and morphology. The effect of boron was studied using 

Raman spectroscopy and scanning electron microscopy (SEM). It is found from Raman 

spectra that the graphite peak becomes stronger for diamond films grown at high boron 

dosage. Also, using SEM, a gradual decrease in the diamond crystallite size is observed 

as the boron dosage goes up. These results are consistent with previous reports [1]. These 

results were used to determine growth conditions in our system that result in diamond 

films that have high crystal quality and sufficiently high conductivity for STM imaging. 

Additionally, general common features found in various CVD methods are 

addressed in this chapter. There are many different CVD methods for diamond film 

deposition employing diverse ways to initiate nucleation and promote crystallization [2]. 

Hot-tungsten filament assisted CVD is only one of these methods. Hot-tungsten filament 

assisted CVD will be discussed in more detail because all diamond films grown in our 

studies were obtained using this method. 

3.2 Chemical Vapor Deposition 

Depending upon the technique that dissociates hydrogen molecules and 

hydrocarbons, the CVD method can be referred to as hot-tungsten filament assisted CVD 

, microwave plasma CVD, radio frequency(RF) plasma CVD, and so on [2]. For any of 

these CVD methods, one may utilize electron bombardment and bias techniques to 

enhance the initial nucleation density [3]. 

The growth of diamond using the CVD method is very difficult to understand 
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because the process is a multi-variable one. For example, there are about 18 important 

parameters that can affect film growth in hot-filament assisted CVD [4]. Also, they are 

not all independent. Different techniques for dissociation of hydrogen and carbon sources 

have different growth conditions. 

Regardless of the differences amongst the various CVD methods, they have some 

features in common. First, the growth of diamond occurs in the presence of atomic 

hydrogen. Atomic hydrogen is produced in many different ways, as mentioned earlier. 

The significance of atomic hydrogen is in suppressing the formation of graphite by 

preferentially etching the graphite over diamond. This implies that hydrogen is heavily 

involved in the thermodynamics occurring on the substrate and in forcing the stable phase 

on the surface to shift to sp3 bonded carbon [5]. It is hypothesized that atomic hydrogen is 

able to abstract hydrogen atoms dangling on the surface carbon atoms and leave reactive 

radical sites [6]. Hydrocarbon radicals might be deposited at these sites. Therefore, 

atomic hydrogen may play dual roles by populating sp3 bonds on the surface and making 

radical sites where the deposition of hydrocarbons might take place. 

Second, diamond growth requires the addition of carbon atoms to the substrate. 

The supply of carbon atoms comes in the form of hydrocarbon fragments. The fragments 

of hydrocarbons are formed thermally and the fragment pattern of hydrocarbons varies 

depending on the geometry of the CVD reactor, the method used to dissociate the 

hydrocarbons, and the concentration of hydrocarbons [7]. Variations in the concentration 

of hydrocarbons induce changes in the relative concentration of radicals. The changes in 

radical concentrations influence the film morphology, deposition rate, composition and 
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other film properties. 

Third, diamond grows only at moderate substrate temperatures. Diamond growth 

is observed at substrate temperatures ranging from 500 to 1200 °C. Growth at 

temperatures higher than 1200 °C leads to surface graphitization [8,9]. Growth at 

temperatures lower than 500 °C results in the growth of diamond-like carbon (DLC) 

[10,11]. However, the growth of diamond in combination with oxygen makes it possible 

to use low substrate temperatures of about 300 °C [12]. In addition, it is found that the 

substrate temperature is involved in the determination of crystal orientation by 

preferentially promoting the growth of certain crystal directions [13]. 

The common features discussed above are essential and rudimentary factors that 

must be understood for successful CVD diamond film deposition. Some of the features 

are a function of geometry and CVD technique. Therefore, reproducibility of growth 

results is not straightforward because of geometrical and methodological factors. In our 

system, the shape of the CVD reactor, location of the sample, distance of the filament 

from the sample, and position of the gas inlet are all different from other systems. In the 

next section, diamond growth using our hot-tungsten filament assisted CVD system will 

be discussed and conditions for optimum growth and boron doping determined. 

3.3 Hot Tungsten Filament Assisted Chemical Vapor Deposition 

The first hot filament-assisted CVD diamond was successfully grown by 

Matsumoto et. al [14]. In this technique, the primary role of the hot-tungsten filament, 

which is at temperatures of about 2200 °C and located close to sample, is the dissociation 

of hydrogen. The dissociation of hydrogen does not result from thermal reactions, but 
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catalytic reactions of hydrogen with the hot-tungsten surface [15]. The atomic hydrogen 

that is yielded via the interaction with the hot-tungsten filament can be used as a cleaning 

agent to clean the surface of the substrate prior to and after film deposition. The cleaning 

process is accomplished by simply exposing the substrate to atomic hydrogen. 

The other important role of the hot-filament is the dissociation of methane. During 

deposition, the dissociation of methane takes place as a result of the reaction of methane 

with the hot filament. This interaction leads to carburization of the filament. The 

carburization changes the resistance of the filament. This is inferred from that fact that 

during an experiment, it is found that the filament current at constant voltage drops after 

methane is introduced into the CVD reactor. The filament current drop happens slowly, 

decreasing during the first 10-15 minutes and then leveling off. The carburization is 

assumed to change the structure of the filament since the filament becomes brittle after 

deposition. 

The results of using other metals as alternative filament choices have been 

reported. A tantalum filament has reportedly been successfully used in diamond 

deposition, but platinum filaments deposit only graphite [16]. Using a rhenium filament, 

Jasen et. al reported that rhenium is deposited in the diamond films and the concentration 

of rhenium increases as the temperature of the filament increases [17]. 

3.4 CVD Diamond Growth 

The undoped CVD-grown diamond films are not conducting in UHV. Therefore, 

STM studies have difficulties in achieving a tunneling current. To avoid this problem, 

doping is performed during deposition. Boron has been most widely used as ap-type 
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dopant in diamond films. In our experiments, diborane gas, B2H6, is added as a boron 

source into the CVD reactor during film deposition. The introduction of B2H6 is 

monitored via a calibrated flow meter. The dissociation of diborane is triggered by the hot 

tungsten filament that is above the substrate. The incorporation of boron in diamond films 

affects not only the electrical conductivity , but also the morphology of the films. In this 

section, the influence of boron on diamond films will be investigated by using Raman 

spectroscopy and SEM. 

In order to obtain sufficient conductivity so that STM is able to achieve a 

tunneling current, we find that at least about 4 standard cubic centimeters per minute 

(SCCM) of B2H6 is required. This dosage is introduced into the CVD reactor in a 

controlled manner and is the same for the ordinary CVD system and the UHV coupled 

CVD system, depicted in Fig.2.1 and Fig 2.2, respectively. The detailed operation of the 

UHV CVD and ordinary CVD reactors was explained in chapter 2. 

In order to help the nucleation of diamond, pre-seeding is carried out by polishing 

the substrate with diamond grit whose grain size is about 1 |xm. As a substrate, p-type Si 

(100) is used. After polishing, the substrate is cleaned ultrasonically with acetone and 

methanol, and rinsed with distilled water. The substrate is placed on a quartz plate and 

wrapped with Mo foil that is 0.002" in thickness, as explained in chapter 2. After the 

substrate^ is placed on the quartz sample holder, a tungsten wire that is 0.001" in diameter 

is mounted above the substrate. The space between the substrate and the filament is 

approximately 3 cm. The substrate is heated by resistive heating of the Mo foil and the 

temperature is measured by a pyrometer. The temperature of the Si substrate is between 
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820 and 850 °C. As mentioned earlier, the substrate can be exposed to atomic hydrogen 

for cleaning before film deposition. The temperature of the tungsten filament is 2200 °C . 

In order to take into consideration the elevation of the substrate temperature due to 

radiative heating from the hot tungsten filament, the substrate temperature is measured 

before and after turning on the filament. After turning on of W filament, the substrate 

temperature increases by about 100 °C. This substrate temperatare is favorable for 

diamond (111) growth on the film surface. A methane concentration of I seem is also 

used to favor (111) growth. The reason that we set growth parameters for (111) faces is 

that (111) faces have a defective structure and tend to incorporate impurities more easily 

than (100) faces. The crystal faces of (111) and (100) are seem in the SEM images of 

diamond crystallites shown in Fig. 3.1. The appearance of the microtwins on the (111) 

face, as shown in Fig. 3.1(a), causes the (111) face to grow more defective than the (100) 

face. 

To minimize the effects of temperature fluctuations on the film morphology, the 

temperature is monitored by an optical pyrometer during film deposition. During film 

deposition, the combined temperature of the substrate and filament is measured by an 

optical pyrometer and the variation in temperature is less than 20 °C. During each film 

deposition, all growth conditions are maintained the same except for the boron 

concentration that is varied to investigate the effects of boron on the film morphology. 

3.5 Effects of Boron on Diamond Films 

The Raman spectra and SEM pictures of polycrystalline diamond films grown 
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Figure 3.1. Scanning electron microscopy photographs of diamond crystallites, a) (111) 
triangular face showing microtwins. b) (100) square face with secondary nucleations. The 
bar denotes a length of 1 (J.m. 

using different boron concentrations are presented in Fig. 3.2 to Fig. 3.6. These films 

were all grown using 200 seem of hydrogen and 1 seem of methane while varying the 

B2H6 flow rate.The appearance of the diamond peak at 1333 cm"1 is very prominent in the 

Raman spectra of the un-doped film shown in Fig.3.2. The Raman graphite peak near 

1580 cm"1 is hardly observed for this film. The crystallites are about 1 jim in length in the 

un-doped film and no secondary nucleations are observed. The morphology of the films 

grown using 4 and 6 seem, shown in Fig. 3.3 and 3.4, respectively, shows hardly any 

changes. However, a slight increase in the graphite peak near 1580 cm4 is observed in 

the Raman spectra. Also, secondary nucleations are observed on crystallites in the SEM 

micrographs. As we increase the boron concentration, the diamond film shows 

deterioration. Dramatic changes in morphology are observed in the diamond film doped 
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Figure 3.2. Chemical vapor deposition grown polycrystalline diamond film with 
0 seem of B2H6. a) Raman spectrum, b) Scanning electron microscopy 
micrograph. The bar denotes a length of 10 /̂ m. 
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Figure 3.3. Chemical vapor deposition grown polycrystalline diamond film with 
4sccm of BjHg. a) Raman spectrum, b) Scanning electron microscopy 
micrograph. The bar denotes a length of 10/im. 
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Figure 3.4. Chemical vapor deposition grown polycrystalline diamond film with 6 
seem of B2H6. a) Raman spectrum, b) Scanning electron microscopy micrograph. 
The bar denotes a length of 10 /xm. 
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Figure 3.5. Chemical vapor deposition grown polycrystalline diamond film 
with 10 seem of B2H6. a) Raman spectrum, b) Scanning electron microscopy 
micrograph. The bar denotes a length of 10 /urn. 
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Figure 3.6. Chemical vapor deposition grown polycrystalline diamond film 
with 15 seem of B2H6. a) Raman spectrum, b) Scanning electron microscopy 
micrograph. The bar denotes a length of 10 /mi. 
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with 10 seem of B ^ , as shown in Fig. 3.5. The SEM mierogaph of the film grown 

using 10 seem shows that the diamond crystallites are smaller and denser. Also, the 

Raman spectrum in Fig. 3.5 shows that the graphitic peak near 1580 cm'1 increases 

relative to the diamond peak. The same type film morphology is observed for the film 

grown using 15 seem of BjHg, as shown in Fig. 3.6. The number of crystallites increases 

and the crystal size decreases. The diamond Raman peak disappears for the film grown 

using 15 seem. The Raman spectra for films grown using 0,4,6,10 and 15 seem of B2H6 

are shown in Fig. 3.7 for comparison. 

From these experiments, it appears that an increase in boron concentration reduces 

the grain size and increases the number of grain boundaries. These grain boundaries are 

known to contain graphitic materials [18]. As the grain size becomes smaller, the 

diamond peak also becomes broader and withers. Simultaneously, the graphite peak at 

about 1580 cm'1 increases. This can be partly explained by the growing areas of graphitic 

material that reflect the incident light. The chances of inelastic photon scattering from 

diamond crystallites gradually goes down as the reflection of incident photons from 

graphite goes up. 

We conclude the deterioration of the diamond film becomes significant as the film 

is grown using 10 seem of B2H6 or higher. The increase in boron concentration degrades 

the film quality by expanding the graphitic area between the grain boundaries and 

decreasing the grain size. 

3.6 Determination of Growth Conditions for (100) and (111) Diamond Faces 

In order to determine the growth conditions for the growth of high quality homo-
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Figure 3.7. Raman spectra of poiycrystalline diamond films grown using flow rates of 0, 
4, 6,10, and 15 seem of B2H6. Above 6 seem of B2H6, the Raman spectra show 
significant deterioration. At 15 seem of B2H6, the diamond Raman peak disappears. 
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epitaxial diamond (100) and (111) films, the study of growth behaviors of two faces, 

(100) and (111), was carried out. This work was done in collaboration with R.E. Stallcup 

II. For this study, approximately 20 polycrystalline diamond films were grown on p-type 

(100) Si substrates. Because the substrate was pre-seeded by scratching it with 1 |im 

diamond dust, the orientation of the substrate does not affect the crystallite orientation. 

The films were grown using the procedures that were mentioned earlier in this chapter. In 

order to achieve the same geometrical growth conditions such as the position of the gas 

in-let, the shape of the chamber, and the position of sample, all the films used in this 

study were grown in the CVD system shown in Fig. 2.2. After the films were grown, 

Raman spectroscopy and SEM were used for film characterization. In order to study the 

growth behavior of the (100) and (111) faces, we changed the sample temperature from 

800 °C to 1000 °C and the methane concentration from 0.25 to 1.5 seem because the 

variation of these two parameters has very significant effects on crystal orientation [2]. 

For the film shown in Fig. 3.8(a), a sample temperature of 924 °C and methane 

concentration of 0.5 seem were used. As indicated by arrows (1) and (2) in the figure, we 

observe several octagonal crystallites about 1 (am in length in the film. Also, we observe 

that there are pyramidal crystallites with a triangle on the top, as indicated by arrow (3). 

However, these types of crystallites are not seen in the film shown in Fig. 3.8(b). The 

film shown in Fig. 3.8(b) was grown at a sample temperature of 850 °C and methane flow 

rate of 1.3 seem. In Fig. 3.8 (b), many triangular crystallites such as those indicated by 

arrows (1) and (2) are observed. The crystallites are about 1 to 2 jam in length. Also, a 

triangular crystallite with broken vertices is observed, as shown by arrow (3). Therefore, 
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Figure 3.8. Scanning electron microscopy images of polycrystalline diamond films 

grown on a Si substrate, a) Film was grown at 924 °C with 0.5 seem of methane flow rate. 

The film is dominated by (100) faces, b) Film was grown at 850 °C with 1.3 seem 

methane flow rate. The film is dominated by (111) faces. The hydrogen flow rate for both 

films was 200 seem and the filament temperature was 2200 °C. 
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Figure 3.9. Cubo-octahedron crystallite with growth 
ratio of (100) to (111) that is slightly greater than 
0.87. The bar denotes a scale of 1 (im. 

it is verified that the growth of two films with different growth conditions results in the 

appearance of different crystal faces. 

The (100) face is a square that is the face of a cube, and the (111) face is a triangle 

that is the face of an octahedron [19]. A diamond film grown on a Si substrate shows the 

appearance of (100) and (111) faces. The (110) face does not appear because it has the 

highest growth rate among the three . Therefore, the crystallographic face exposed on a 

diamond film is determined by the growth ratio of the (100) to (111) faces. This growth 

ratio is defined as the surface area of the (100) face to the surface area of the (111) face 

[20]. As the growth ratio of (100) to (111) reaches about 0.87 [20], the crystal structure 

becomes a cubo-octahedron. Whenever the growth ratio of (100) to (111) is greater than 

0.87, the crystallography changes from cubo-octahedron to octahedron. When it is less 
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than 0.87, the crystal becomes cubic. The crystallite shown in Fig. 3.9 has a slightly 

higher ratio than 0.87 [21]. If the growth rate of the (100) face exceeds that of the (111) 

face, the area of the (100) face on the cubo-octahedron becomes smaller and eventually 

the (100) face disappears. The crystallite indicated by arrow (1) in Fig. 3.8 (b) reflects 

this process whereby fast growing (100) faces at the points of the triangle are 

disappearing. The fast growth rate of the (100) face results in an octahedron structure. In 

the same manner, the fast growth rate of the (111) face results in a cubic structure. The 

crystallite indicated by arrow (1) in Fig. 3.8 (a) shows that a fast growing (111) face is 

disappearing. Therefore, the film grown with low methane concentration and high sample 

temperature induces a high growth rate of the (111) face so that the film is dominated by 

(100) faces. However, the film grown with high methane concentration and low sample 

temperature results in high a growth rate of the (100) face and finally the film is 

dominated by the (111) face. According to R. E. Clausing et al. [21], we conclude the 

growth ratio of (100) to (111) on the film shown in Fig. 3.2 (a) is between 0.7 and 0.6. 

For the other film, the growth ratio is close to 1.5. After the growth conditions were 

found experimentally, they were used for the growth of homo-epitaxial diamond (110) 

and (111) films on HPHT synthetic diamond substrates. 
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CHAPTER 4 

SCANNING TUNNELING MICROSCOPY STUDIES OF 

HOMO-EPITAXIAL DIAMOND (110) FILMS 

4.1 Introduction 

The diamond (110) face is reported to grow the fastest amongst the low index 

planes and very rough [1,2]. However, the growth mechanism, atomic structure, and other 

properties of the diamond (110) face are not well understood. In order to perform studies 

of the diamond (110) face, approximately four epitaxial diamond (110) films were grown 

on a synthetic (110) diamond substrates by using hot filament assisted chemical vapor 

deposition (CVD). The CVD grown diamond films were transferred to the ultrahigh 

vacuum (UHV) system and studied using scanning tunneling microscopy (STM). 

We observe that striation is the most dominant morphology on the homo-epitaxial 

diamond (110) film. We find that the striations are due to the appearance of the (111) face 

and contain (100) steps. In addition, we report, for the first time, atomic resolution 

£1 
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images of the (1 x 1) diamond (110) surface obtained using UHV STM. 

4.2 Sample Preparation 

The homo-epitaxial diamond film was grown on a 2.0x2.0x0.25 mm3 synthetic 

type II b diamond (110) substrate obtained from Harris Corporation [3]. The diamond 

substrate was cleaned ultrasonically with acetone and methanol and in an HN03:HC1 

(1:3) mixture at room temperature for 30 minutes. The substrate was then rinsed in de-

ionized water and mounted carefully on a quartz plate using a 5 mm Mo holder. The 

quartz plate was positioned on the head of the horizontal linear translator inside the C VD 

chamber shown in Fig. 2.2, and then mounted on the electrical feed-through to make 

electrical contact. The epitaxial film was grown by using hot filament assisted CVD. The 

growth chamber was first evacuated to 10"7 Torr using a turbo-molecular pump. Methane 

and H2 gases were then introduced with flow rates of 1 seem and 200 seem, respectively, 

at a pressure of 30 Torr. In order to make the diamond film conducting for UHV STM 

studies, diborane with a flow rate of 4 seem was introduced during the CVD film growth. 

The film was grown for 3 hours at a sample temperature of 857 °C and a filament 

temperature of 2200 °C. After film growth, the diamond film was exposed to atomic 

hydrogen for 10 seconds to remove non-diamond structures such as graphite. While the 

diamond film was in the CVD growth chamber, an electrochemically etched tungsten tip 

was cleaned in the UHV STM chamber by bombarding the tip with electrons from a 

thoriated hot tungsten filament placed in front of the tip. The pressure inside the growth 

chamber was evacuated to 1 x 10 7 Torr and the film was transferred to the UHV STM 

system without exposure to air. 
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4.3 Surface Morphology 

After film deposition, the substrate appeared as smooth and transparent as before 

deposition to the naked eye. No differences were seen from visual inspection. In order to 

examine the overall morphology of the film, a large area UHV STM scan was performed 

over an area of 15000 A * 15000 A at a tunneling current of 1 nA and tip bias of 1500 

mV. As shown in the UHV STM image in Fig. 4.1, the morphology at this scale is rather 

rough and consists of striations. The z-height variation over the area shown in Fig. 4.1 

changes by approximately 1300 A . Since striations are observed over the entire scanning 

area, in order to prove that the striations are not a tip artifact due to, for example, a double 

tip, scanning electron microscopy (SEM) images were taken after the UHV STM study 

was completed. As shown in Figs. 4.2 (a) and (b), the SEM micrographs show the same 

type of striations. The close-up SEM view shown in Fig. 4.2 (b) shows that the sides of 

the striations are oriented along the (111) direction. Therefore, it is confirmed that the 

UHV STM image shown in Fig. 4.1 (a) is not an artifact of the tunneling tip but a real 

image of the epitaxial diamond (110) face. 

Figure 4.3 shows a derivative map of the STM image shown in Fig. 4.1 

consisting of the derivative of the row data, dz/dx. The derivative map enhances sudden 

changes in z-height, such as surface steps, in images where there is an overall large 

variation in z-height. Fig. 4.3 shows that the tops of some striations consist of closely 

spaced surface steps that run perpendicular to the length of the striation, as indicated by 

the arrow. A close-up topographic top view and cross-sectional view of such steps are 

shown in Figs. 4.4 (a) and (b), respectively. The cross sectional view in Fig. 4.4 (b) 
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OA 15000 A 

Figure 4.1. Large scale ultrahigh vacuum scanning tunneling microscopy image of a 
CVD grown epitaxial diamond (110) film obtained using a tunneling current of 1 nA 
and tip bias of 1500 mV. The film is observed to be striated. 
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Figure 4.2. Scanning electron microscopy picture of a CVD grown epitaxial diamond 
(110) film, a) Striations are observed as in the scanning tunneling microscopy image. 
The dark rectangle at the center is due to sample charging from previous scanning in 
that region. The bar denotes a length scale of 10 (am. b) A close-up view of Fig. 4.4(a) 
showing that the sides of striations are orientated along the <111> direction. The bar 
denotes a length scale of 1 jam. 
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15000 A 

Figure 4.3. Derivative map of the UHV STM image shown in Fig. 4.1 showing that the 
striations contain (100) steps, as indicated by the arrow. 
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Figure 4.4. a) A close-up view of the atomic steps shown in Fig. 4.1. b) Cross-
sectional view of such steps showing that the surface steps are oriented along the 
<100> direction. 

shows the z-height versus distance along the line shown in Fig. 4.4 (a). We observe that 

the surface steps are oriented along the (100) direction. The steps have a width and height 

of approximately 180 A and 50 A , respectively. A model of the surface morphology of 

these steps is shown schematically in Figs. 4.5 (a) and (b). 

4.4 Atomic Structure 

In order to examine the atomic structure of the (110) surface, we narrowed the 

scanning area. As we narrowed the scanning area on the film, we found that there are 

regions in the film that contain many surface corrugations, as shown in Fig. 4.6 (a). The 
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a) 

<110> 

b) 

<110> 

Figure 4.5. Schematic of the surface morphology of the steps observed in Fig. 4.4 
a) The (100) steps on the (110) faces are exposed due to different growth rates, b) 
Front view of the step structure shown in Fig. 4.5 (a). 
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corrugated structures are on a scale of 10 -15 A. On the corrugated structures, atomic 

resolution imaging is possible. Fig. 4.6(b) shows an atomic resolution image of atoms on 

the diamond (110) surface arranged in a zigzag ( lx l ) structure. The zigzag ( l x l ) 

structure we observe on the diamond (110) film is consistent with previous LEED 

measurements [4] and in agreement with recent theoretical predictions [5,6]. We find that 

the ( lx l ) structure measures 1.5±0.1 A x 1.5±0.1 A . Our measurement is in excellent 

agreement with the theoretically predicted value of 1.51 A for the spacing between carbon 

atoms on the hydrogen terminated diamond (110) surface [6]. However, our results are 

not in agreement with the theoretically predicted value for the atomic spacing of the non-

hydrogen terminated diamond (110) surface. Theoretical STM images of the hydrogen 

and non-hydrogen terminated diamond (110) surfaces are shown Fig. 4.7 for comparison. 

The corrugated structures described above were observed on different areas of the film 

Fig. 4.8 (a) shows a UHV STM image of another area of the film showing dark and bright 

rows arranged in a periodic pattern and running parallel to each other. The distance 

between parallel lines measures about 3.5A. Fig. 4.8(c) shows a 2-dimensional fast 

Fourier transform filtering of the image shown in Fig. 4.8 (a) clearly showing the (1x 1) 

structure. 

4.3 Growth Model 

It has been reported that the diamond (111) face in crystallites contains 

dislocations and stacking faults and grows very defective due to microtwinning [7]. The 

high rigidity and lack of plasticity of the (111) face has been reported to contribute to the 

twinning process [8]. This defective nature of the (111) face is the most significant factor 
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.-VP, 
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b) 

Figure 4.7. Theoretically simulated atomic structure of the diamond (110) surface 
from Ref. [6]. a) Atomic structure of the non-hydrogenated surface, b) Atomic 
structure of the hydrogenated surface. 

that determines the morphology and growth mechanism of the (110) epitaxial film. The 

striations that we observe on the diamond (110) film are due to the appearance of the 

(111) faces. 

The appearance of the (111) and (110) faces depends on the growth rate of these 

faces. We find that there are two types of crystal structures depending on the growth 

of the (111) and (110) faces. As shown in Fig. 4.9, the crystal indicated by arrow (1) 

edged by (111) faces. This crystal structure results from fast growing (110) faces. Fast 

growing (110) faces consume all of the growth sites and, as a result, the growth on the 

rate 

is 
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Figure 4.9. Crystallography on diamond (110) face. The crystallography is determined 
by the growth rate of (111) and (110) face. 

(110) face terminates. However, if the (111) faces grow faster than the (110) faces, the 

slower growth rate of the (110) face is not able to consume all of the growth sites that are 

supplied by the (111) faces. If such a growth mechanism dominates, then the crystal 

structure has a flat top oriented in the (110) direction as indicated by arrow (2). However, 

fast growing (111) faces introduce twin defects on the (110) faces to relief stress. The 

introduction of twin defects results in the formation of the striations, as indicated by 

arrow (3) in Fig. 4.9. On top of the flat (110) faces uneven growth results in exposed 

(100) faces on the diamond (110) film. Consequently, the diamond (110) film grows 

defective and rough. 

4.4 Conclusions 
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Our UHV STM studies showed that epitaxial diamond (110) films grow defective 

and rough. The defectiveness and roughness are due to the appearance of (111) and (100) 

faces. In addition, we observed UHV STM images of a (1 x 1) atomic structure on the 

(110) film. Our measurements showed that the distance between carbon atoms is 1.5±0.1 

A , in excellent agreement with the theoretical value for the inter-atomic distance in the 

hydrogen terminated (110) surface. 
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CHAPTER 5 

SCANNING TUNNELING MICROSCOPY STUDIES OF 

HOMO-EPITAXIAL DIAMOND (111) FILMS 

5.1 Introduction 

The properties of the diamond (111) face are revealed by studies with many 

different instruments. For instance, the surface structure of the diamond (111) face can be 

investigated by using low energy electron diffraction (LEED) [1,2]. However, the study 

of diamond films using ultrahigh vacuum scanning tunneling microscopy (UHV STM) 

has strong advantages. Scanning tunneling microscopy studies deliver valuable 

information about non-periodic atomic structures and surface reconstructions. In addition, 

since the diamond surface is not exposed in our system, the uncontaminated surface can 

be investigated. 

In spite of these advantages, only a few studies of CVD grown diamond (111) 

films using STM have been carried out by some groups [3,4]. All of these studies have 
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been performed in air. The tunneling process in air is not well understood and STM 

spectroscopy is not reliable in air. In addition, films become contaminated when exposed 

to air. We believe that we report, for the first time, the study of CVD grown homo-

expitaxial diamond (111) films using UHV STM. From film deposition to data 

acquisition, the diamond substrate has been kept under vacuum. We investigate the 

growth mechanism and report on defect structures. 

5.2 Sample Preparation 

The epitaxial diamond film was grown on a synthetic type II b diamond (111) 

substrate purchased from Harris Corporation [5]. The substrate measured 2.0x2.0x0.25 

mm3 and was cleaned ultrasonically with acetone and methanol. The substrate was 

cleaned again in a mixture of HN03 and HC1 (1:3 ) at room temperature for 30 minutes 

and rinsed with de-ionized water. The introduction of methane during film deposition 

induces carburization of the surrounding metals. In order to avoid carburization of the 

substrate holder, Mo was chosen for the material to hold the substrate since Mo is more 

resistant to carburization than other metals such as tantalum. As a result of carburization, 

tantalum becomes very brittle. The fragility that is induced by carburization may be a 

problem when the film is under a tunneling current. Therefore, the substrate was mounted 

on a quartz plate with Mo foil that is 0.005" thick. The quartz plate holding the sample 

was placed on the linear translator inside the CVD reactor shown in Fig. 2.2 and 

positioned on the electrical feed through for making electrical contact. 

For film deposition, hydrogen with a flow rate of 200 seem was introduced until 

the pressure reaches about 30 Torr. The temperature of substrate was set to 924 °C and 
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the filament temperature to 2200 °C. Methane at a flow rate of 0.5 seem was introduced 

into the C VD reactor after the growth conditions are stabilized. Half an hour after film 

deposition was initiated, the temperature of the substrate was measured again to take into 

consideration the increase in substrate temperature due to radiative heating from the 

filament. The substrate temperature after the filament was on went up to 950 °C. These 

deposition parameters were in the range for enhanced (111) growth rate. In addition, 4 

seem of diborane was added to obtain conductivity for tunneling. During film deposition, 

the temperature of the substrate was monitored by an optical pyrometer. The variation of 

the substrate temperature was less than 15 °C. After film deposition, the film was exposed 

to atomic hydrogen for 30 seconds in order to remove any graphite on the surface. The 

CVD reactor was pumped down to < 2x 10"7 Torr. The film was transferred to the UHV 

STM chamber for characterization without exposure to air. Four films were grown. 

5.3 Surface Morphology and Atomic Structure 

The overall surface morphology obtained from large area scanning presents a 

rough topography on the (111) face, as shown in Fig. 5.1 (a). The overall look of the film 

is rough with large triangular areas. Figure 5.1 (b) shows a derivative map of the image 

shown in Fig. 5.1 (a) consisting of the derivative of the row data, dz/dx. In Fig. 5.1(b), we 

observe that the triangular areas consist of many surface steps that have the same 

orientation. Therefore while the film is defective, it is in atomic registry with the 

underlying crystalline substrate over large areas. 

Another scan over a narrower area of Fig. 5.1 was taken in order to investigate the 

detailed structure of the film. Figure 5.2 (a) shows the surface topography obtained from 
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a small area scan, and Fig. 5.2 (b) shows the corresponding derivative map. Many deep 

valleys and multi-triangular islands that look like (111) faces are observed. The triangular 

islands consist of mono-atomic steps that have a step height of approximately 1 A . The 

step width is approximately 65 A and is very uniform. We observe that the triangular 

islands are not concentric and often two different groups of triangular layers encounter 

each other and share a triangular layer, as indicated by arrow (1). It is also observed that 

many cracks cut through the layers as indicated by arrow (2), but the cracks are not 

microtwins. It is interesting that microtwinning is not seen on the epitaxial diamond 

(111) face. Microtwinning is known to be responsible for highly defective structures on 

the diamond (111) face ofpolycrystalline films, as discussed earlier [6]. The defective 

•/mlM 
•: >* -• ^ - -

Figure 5.2. Ultrahigh vacuum scanning tunneling microscopy images of an epitaxial 
diamond (111) film, a) Topographic mode scanning tunneling microscopy image, b) 
"x-slope" image of Fig. 5.2(a) showing the derivative of the row data, dz/dx. 
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cracks we observe therefore are due to some different mechanism. 

Figure 5.3(a) shows a topographic UHV STM image of a smaller area contained 

in Fig. 5.2. Fig 5.3(b) shows the corresponding derivative map of the image shown in Fig. 

5.3(a). The pits and cracks are clearly observed. Fig. 5.3(c) shows a screw dislocation 

involving 2 mono-atomic steps in the region indicated by the arrow in Fig. 5.3(b). We 

observe approximately one screw dislocation in every 0.6 x 0.6 /um2 area. 

If we examine one of the steps with atomic resolution, it reveals a well arranged 

and periodic atomic structure, as shown in Fig. 5.4. This periodic atomic structure has a 

sixfold symmetry just like graphite. This topography is very distinctive in comparison to 

that of the diamond (100) face, shown in Fig. 5.5, that shows a (2x1) dimer 

reconstruction. The dimerized diamond (100) face shown in Fig. 5.5 is a CVD grown 

homo-epitaxial film. The film was made conducting by exposing it to air and then 

transferring it to the UHV STM chamber. Our measurements show that the atomic 

dimensions of the diamond (111) structure are 2.5 Ax 2.5 A, in agreement with the lxl 

structure of the diamond (111) face. The mono-hydride 1 x 1 diamond surface reportedly 

shows NEA properties from photoelectric emission studies [7]. In order to study the 

effects of temperature on the reconstruction of surface carbon atoms, we elevated the 

temperature from 900 °C to 1100 °C in intervals of 50 °C. After the temperature of the 

substrate went down to room temperature, the substrate was placed back on the scanning 

stage and examined using UHV STM. However, we were not able to achieve atomic 

resolution after the temperature elevations. We believe that heating of the substrate 

changed the electronic state of the diamond film. From LEED measurements, the 1 x l 
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Figure 5.3 a) Closer topographic UHV STM image of the region shown in Fig. 5.2. b) 
Corresponding derivative map of the image shown in Fig. 5.3(a). The pits and cracks 
are clearly observed, c) Magnified view of the region indicated by the arrow in Fig. 
5.3(b) showing a screw dislocation involving 2 mono-atomic steps. 
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Figure 5.4. (1><1) atomic structure is obtained on CVD grown homo-epitaxial diamond 
(111) face. The image is obtained at the tunneling current 7.7 nA and tip bias of 2900 
mV. The atomic distance of ( l x l ) is 2.54 A*2.54 A . 
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Figure 5.5. Dimerized (2x1) reconstruction of a chemical vapor deposition grown 
diamond (100) face. The image was obtained at a tunneling current of 0.9 nA and tip 
bias of 2750 mV. The film was exposed to air to improve the conductivity. 
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structure is known to reconstruct to a 2x1/ 2><2 structure by the desorption of hydrogen at 

annealing temperatures above 1000 °C [8,9]. However, we were not able to observe this 

reconstruction using UHV STM. 

To study the growth mechanism in more detail, we grew a boron doped epitaxial 

diamond (111) film at a lower temperature and higher methane flow rate. Figs. 5.6(a) and 

(b) show UHV STM topographic images of a (111) film grown at a temperature of 837 °C 

(87 °C lower than the film shown in Fig. 5.1) and a methane flow rate of 1 seem (twice 

the flow rate of the film shown in Fig. 5.1). The most noticeable difference is that the 

mono-atomic step width is reduced to approximately 17 A , which is about 3.7 times 

smaller than the mono-atomic step width of the film shown in Fig. 5.1. In addition, the 

island size is considerably smaller and the step edges are rougher. This type of growth 

behavior is characteristic of surface growth that is mediated by the diffusion of atoms on 

the surface [10 ]. The smaller step width, smaller island size and rougher step edges are 

due to the decrease in the surface diffusion coefficient at a lower temperature [11]. Our 

observations therefore imply that CVD diamond (111) growth is mediated by the 

diffusion of carbon atoms on the surface. This model is consistent with a recently 

proposed model for CVD diamond growth that involves only surface reactions and no gas 

phase precursors [12 ]. We did not observe screw dislocations in the film grown at 837 °C 

possibly because the activation energy for the formation of screw dislocations could not 

be achieved at this growth temperature. 

We also observe different types of steps in the films. For the film grown at a 

temperature of 837 °C, we observe, in addition to mono-atomic steps, double-atomic 
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Figure 5.6. (a) and (b) show UHV STM topographic images of the diamond (111) 
film grown at a sample temperature of 837 °C and methane flow rate of 1 seem. The 
images show that the step widths and the size of islands become smaller and narrower, 
respectively, than those of the film grown at a sample temperature of 924 °C and 
methane flow rate of 0.5 seem that is shown in Fig. 5.1. In addition, the step edges of 
the diamond film grown at a lower sample temperature and higher methane flow rate 
are rougher than those of film shown in Fig. 5.1. 
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steps having a step height of approximately 2 A , as indicated by the arrows in Figs. 5.7 

(a) and (b). Double atomic steps were not observed in the film grown at 924 °C. For the 

film grown at 924 °C, areas consisting of mono-atomic steps with defects and/or 

adsorbates are observed, as shown in Fig. 5.7 (c). Other areas of the film show mono-

atomic steps where the lxl structure extends to the step edge, as shown in Fig. 5.7 (d). 

The defects and/or adsorbates shown in Fig. 5.7 (c) are shown in Fig. 5.8 (a) with 

higher resolution images in Figs. 5.8 (b) and (c). We conjecture that the dark areas, 

shown in Fig. 5.8 (b), are defects such as vacancies and the light areas, shown in Fig. 5.8 

(c), are adsorbates. The adsorbates are found not only inside the steps but also at the 

edges of the steps, as shown in Fig. 5.8 (c). Although the mechanisms underlying 

formation of the defects and adsorption of the adsorbates are not clear, it appears that the 

binding of hydrocarbons from the gas phase may occur at the defect sites. The 

accumulation of adsorbates on a step and their subsequent motion on the surface may lead 

to the formation of a new layer. 

5.4 Conclusions 

We studied homo-epitaxial diamond (111) films using UHV STM. An 

examination of the (111) face showed that the diamond (111) face grows via island 

growth and is defective. Atomic resolution imaging showed the typical mono-hydride 

lxl diamond structure. Higher order reconstructions such as the 2x1/2x2 and \/3x>/3 R 

30° were not observed in our studies possibly due to a change in the electronic structure 

of the films upon annealing. Temperature-dependent studies showed evidence that the 

growth is mediated by the diffusion of carbon atoms on the surface. For a film grown at a 
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Figure 5.7. Different types of steps are observed on the diamond(l 11) face, a) a double 
atomic step, indicated by the arrow (1). b) A close-up view of another double atomic 
step, indicated by the arrow (2). c) Mono-atomic steps with defects and adsorbates. d) 
Atomic resolution image of a mono-atomic step showing that the (1 *1) six-fold 
structure extends to the step edge. 
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temperature of 924 °C, we observed approximately one screw dislocation per 0.6 x 0.6 

/um2 area and no double steps. For a film grown at a temperature of 827 °C, we observed 

double steps and no screw dislocations. For the film grown at 924 °C, we observed what 

may be defects and adsorbates on the steps. 
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CHAPTER 6 

EXPERIMENTAL SETUP AND METHODOLOGY FOR FIELD EMISSION 

STUDIES OF DIAMOND COATED Mo MICROTIPS 

6.1 Selection of Tip Material 

In order to eject electrons from the surface of a material, a very high electric field 

must be applied. In order to facilitate the ejection of electrons by applying a high electric 

field, the material may be thermally excited, geometrically sharpened or the work 

function of the material may be lowered. The materials that are used as microtips should 

be able to endure extremely high electrical stresses, achieve a high aspect ratio (cone 

height / bottom diameter of cone) and have good thermal conductivity [1]. 

However, it is not easy to find materials that meet all of the above requirements. 

Alkali metals have a low work function, but they are not stable in air. Platinum and gold 

are very stable and have excellent electrical properties. However, they have high work 

functions and can be easily deformed under a high electric field [2]. As a result, refractory 
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metals like Mo, W, and Nb are currently used for microtips [3,4]. In particular, Mo is the 

first material used in microfabricated field emitter arrays (FEAs) because of its chemical 

properties for selective etching and refractory nature [5]. In addition, recently, silicon has 

been used as an emitter tip since it is compatible with microfabrication technology in the 

semiconductor industry [6]. 

Microfabrication technology that miniaturizes the geometrical configuration of 

microtips in FEAs reduces the field emission voltage between emitter tips and anode 

from millions to tens of volts [7]. However, since Si and Mo microtips are only microns 

from the anode, the electric field is still high enough to ionize residual gases as field 

emission electrons accelerate between the microtips and anode. The ion bombardment of 

residual gases is reported to induce instabilities in the emission current, voltage 

breakdown and eventually results in failure of the FEA [8]. 

When we consider all of the difficulties in using metal microtips, diamond 

becomes a very attractive material. CVD grown diamond has a low work function 

because hydrogen atoms on the diamond surface result in a negative electron affinity 

(NEA) surface [9]. This NEA property makes diamond a good coating material for metal 

microtips. Heavily nitrogen-doped diamond emitter arrays reportedly reduce the emission 

electric field to lower than 10 V/^m [10]. Such a low emission electric field is 

advantageous in reducing ion formations and minimizing the damage from ion 

bombardment. In addition, diamond is resistant to radiative damages and has a high 

melting point because of strong spy carbon to carbon bonding. A high melting point is a 

beneficial property for a field emitter material because the limit of emission current can 
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be increased [1]. Also, chemical inertness of the diamond surface contributes to the 

stability of the emission current. Flickering of the emission current in metal microtips is 

attributed to adsorption and desorption of adsorbates that change the work function of 

metal tips [11]. Metal and Si microtips are very reactive to residual gases. It would 

therefore be interesting to compare the field emission properties of uncoated Mo 

microtips with those of diamond coated Mo microtips. 

6.2 Making a Diamond Coated Mo Microtip 

The metal microtip is made of Mo wire that is 0.020 inches in diameter and 

99.999% pure. To fabricate the Mo microtip, we use electrochemical etching. The 

technique is similar to that widely used for making tungsten STM tips as discussed in 

chapter 2. Mo wire is submerged in aqueous 2 M NaOH so that the portion under solution 

is about 2-3 mm. A positive DC bias is applied to the wire and a negative DC bias to the 

counter-electrode that is made of platinum. After the tip is etched, it is rinsed with de-

ionized water and examined under a scanning electron microscope (SEM). Only a tip 

whose apex diameter is less than 1 nm is used for diamond coating. 

To achieve nucleation of diamond on a Mo microtip, pre-seeding must be used 

because diamond does not grow on a Mo surface that is not pre-seeded. Diamond dust 

having a grain size of 0.25 nm is used for pre-seeding by using dielectrophoresis [12]. 

The diamond dust is placed in de-ionized water and, to make the diamond particles 

disperse in the water, an ultrasonic cleaner is used to agitate the solution. After agitating 

the solution, the Mo microtip is placed so that the very end of the tip is dipped. Positive 

bias is applied to the microtip and negative bias to the counter-electrode as shown in Fig. 
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a) DC power supply 
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Figure 6.1 (a) Pre-seeding device, (b) Cylindrical electrode for uniform pre-seeding. (c) 
Dielectrophoresis process. 

6.1(a). The counter-electrode is cylindrical in shape, as shown in Fig. 6.1(b), to produce 

uniform pre-seeding of the microtip. As shown in Fig. 6.1 (c), when neutral diamond 

particles are placed inside an electric field, the particles are polarized, due to their 

dielectric property, and accelerated towards the positive electrode. The force acting on the 

particles is proportional to the gradient of the electric field [13]. The force is strongest 

near the microtip where the gradient is greatest. The pre-seeding step by dielectrophoresis 

was carried out for approximately 10-20 seconds at a voltage of approximately 10-15 

V. After this step, the seeding of the microtip is confirmed using SEM. 

For poly crystalline diamond film growth, the coated microtips are spot-welded on 

a Mo wire that is 0.02 inches in diameter and supported by a copper electrode of the 

CVD growth system sample holder, as shown in Fig. 6.2. A hot tungsten wire that is 

0.005 inches in diameter is used to assist film growth. All procedures that are done follow 

the steps mentioned earlier in chapter 2, although temperature measurement of the tip is 
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Figure 6.2. Chemical vapor deposition growth system sample holder for 
diamond coating of microtips. (a) Top view, (b) Side view. 

rather difficult because of the small spatial extension of the apex. However, it is 

confirmed using SEM that polycrystalline diamond film is successfully grown on the tip, 

as shown in Fig.6.3. Fig. 6.3(a) shows an uncoated etched Mo microtip, Fig. 6.3(b) shows 

the microtip after the dielectrophoresis pre-seeding step and Fig. 6.3(c) shows the 

microtip after the CYD diamond growth step. 

6.3 The Positioning System 

Materials under the influence of a strong electric field emit electrons that tunnel 

through the potential barrier. The emission current goes down exponentially as the tip-to-

anode distance increases. Therefore, it is important to position the field emitter precisely. 

To position the tip with high accuracy, an inchworm motor from a Burleigh Instruments 
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Figure 6.4. Photograph of the scanning tunneling microscope inchworm motor as a 
positioning device. The inchworm motor is calibrated by a He-Ne interferometer and 
precisely controlled by a hand-set. 

scanning tunneling microscope [14] is used with a handset that is able to adjust the 

approaching speed from approximately 4 nm/sec to 0.5 mm/sec. The positioning system 

is shown Figs. 6.4 and 6.5. The horizontal motion of the inchworm motor is calibrated 

with an interferometer. The interferometer consists of a resonance cavity with two mirrors 

and a neutral density filter as a beam splitter. A mirror that is 2 x 2 mm2 is pasted on the 

back of the inchworm motor with ultrahigh vacuum epoxy, as shown in Fig. 6.5(b). A 

He-Ne laser with a wavelength of 633 nm is used for the coherent light source. 

Interference fringes are easily seen on a screen and their movement is used to calibrate 

the linear motion of the PZT inchworm motor using the handset to an accuracy of 0.3//m. 

A diamond coated Mo microtip is loaded on the STM inchworm after calibration 
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Figure 6.5. Schematic of the field emission positioning system located inside the 
high vacuum system, a) Top view, b) Side view. 
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and the z offset of the scanning tube is set to low voltages to minimize errors. An 

atomically flat highly-oriented pyrolitic graphite (HOPG) surface is used as the anode. 

The tip slowly approaches the atomically flat HOPG surface until it reaches within 

tunneling distance, which is approximately 5-10 A . The tip is then retracted, using the 

hand set that was previously calibrated, a distance of 5[im from the tunneling surface. In 

this manner, different tips can be positioned with high accuracy to the same distance from 

the flat surface. In order to prevent errors produced by thermal drift, the field emitter is 

repositioned periodically. 

6.4 The Vacuum System 

The base pressure of the vacuum system for the field emission studies is equal to 

or less than 3 x 10"9 Torr. A schematic of the system is shown in Fig. 6.6. The system is 

pumped by a turbo-molecular pump from Balzer-Pfeiffer that pumps at 60 liters per 

second. The pressure is measured by a nude ion gauge from Varian Vacuum Products. To 

achieve high vacuum, we baked out the vacuum system at about 90 °C for 24 hours 

whenever a new microtip was placed inside the system. The bake-out is carried out at 90 

°C because the scanning tube that is made out of a piezoelectric material starts to 

depolarize at about 115 °C . For gas introduction, a precision leak valve from Varian 

Vacuum Products, whose minimum dose is 10"u Torr per second, is used. In order to 

avoid contamination from gas lines, the gas lines are baked out by using a hot-air gun and 

pumped through a by-pass connected to the turbo pump. While the gas lines are being 

pumped out, a gate valve that isolates the system from the pump is closed to avoid 

introduction of impurities from the gas lines into the system. The system is equipped with 
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Figure 6.6. Schematic of the field emission vacuum system, a) Side view, b) 
Top view. 
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an SRS 200 quadrupole mass spectrometer from Stanford Research Systems that can scan 

up to 200 amu with a resolution of one amu at 10 % of peak maximum [3]. The 

quadrupole mass spectrometer is used to check the leakage and quality of incoming 

gases. In all experiments, the mass spectrometer did not detect any new gases before and 

after the desired gas was introduced. 
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CHAPTER 7 

DEGRADATION OF FIELD EMISSION PROPERTIES OF DIAMOND 

COATED Mo TIPS WITH OXYGEN EXPOSURE. 

7.1 Introduction 

In this chapter, the degradation of field emission resulting from oxidation will be 

discussed and a comparison between a diamond coated Mo microtip and an uncoated Mo 

microtip will be made. The cathode-ray tube (CRT) with a heated filament electron 

emitter is currently the most common display. High brightness, large viewing angles, 

numerous colors, and low cost allow the CRT to dominate the market, but disadvantages 

include high power consumption, flickering screen, and physical bulkiness. In cases 

where the bulkiness and the high operating voltage of the CRT are not acceptable, the 

liquid-crystal display (LCD) is most commonly used. However, the drawbacks of LCDs 

such as low brightness, limitations on viewing angle, number of available colors, and 

slow response time are problems that must be overcome. 
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The field emission display (FED) is a device that accelerates electrons toward an 

illuminating phosphorus by utilizing arrays of metal microtips [1]. This method of 

acceleration bypasses the fundamental problems of the CRT aforementioned. The 

development of micro-fabrication technology for FEDs can improve not only the 

sharpness of the emitters but the relative position of the emitters to anodes and other 

geometrical factors that decrease the long acceleration path. The result is an FED with 

thin, compact dimensions. 

The operation of FEDs under a vacuum environment results in ionization of 

residual gases and ion impacts. Studies of the residual gas effects on the electron 

emission characteristics of a hot tungsten filament showed that the gases 02 , H20, CO, 

and C02 behaved as oxidizing agents and caused serious poisoning of the thermionic 

cathode [2-4]. It is known that diamond has a chemically inert surface and strong atomic 

binding. Also, CVD grown diamond has a low work function due to negative electron 

affinity (NEA) [5,6]. However, it has been reported that an NEA surface was not 

observed after the surface of CVD grown diamond was exposed to an oxygen plasma [7]. 

Studies of diamond coated metal microtips under an intense electric field in various 

residual gas environments, and the effects of adsorbates and ion bombardments on field 

emission properties have not been reported. Studies in these areas are needed to establish 

if field emission from diamond coated microtips is more stable than field emission from 

uncoated metal microtips. 

7.2. Field Emission Theory 

In order for an electron inside a material to move to the vaciium level it must gain 
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enough energy to overcome the material's work function which, in turn, depends on the 

material's crystalline structure. The work function is very sensitive to surface states as 

evidenced by the change in work function due to adsorbates [8]. 

Field emission is the escape of electrons from inside of a material to vacuum as 

very strong electric fields are applied. Its subsequent explanation was one of the early 

successes of quantum mechanics [9]. The potential barrier experienced by the electrons 

leaving the surface becomes attractive as the electrons move within a few A above the 

surface. This attractive potential is created by the image charge, and its magnitude is 

given by the equation [10] 

V(x) = ( c|) + e_ ) -
16 6 X 0 

, ( large x ) . (7.1) 

The asymptotic behavior for very small and very large x is given by [10]: 

V(x) = 0 for x<0 , (7.2 a) 

(<l>+eF)2 

V(x) = for x>0 

( (j> + €F) + 
16 Tee x o 

(7.2 b) 

Supposing that an electric field in the x direction is applied, the external electric field 

changes the potential energy function as [10] 

V(x)=($ + eF) - - Z - exEx . (7.3) 
16 tz e x o 

The applied external electric field reduces the barrier height that is obtained by evaluating 
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V(x) at the value of x for which the derivative of V(x) with respect to x vanishes, which 

is xmax= (e2/ 16ue0Ex)'
 2. This maximum is called the Schottky saddle point. At this 

point, the maximum height of the potential barrier is [10] 

,=((t)+€F) - ( e 3 £ / 4 7te o x) 1 / 2 . (7.4) 

The presence of an external electric field contributes to lowering of the effective work 

function by A<t> = (e3Ex/47te0)'
/! and is called Schottky emission. As can be seen above, 

the lowering of the work function is small for field strengths of a few thousand V/m. 

Since xmax is inversely proportional to the applied electric field, the maximum height of 

the potential barrier occurs many angstroms above the surface. Even though the change in 

work function, A(|), is small, it makes possible the thermionic emission of electrons that 

previously did not have sufficient energy to leave the surface. 

In the examination of the quantum mechanical tunneling of electrons from the 

Fermi level, the uncertainty in the position of the electron is found to be comparable to 

the barrier width. The barrier width is given as [11]: 

Ax = 
( J 7 ) 2 

e F 

1/2 

(7.5) 

where the uncertainty in the position of the electrons is related to the electron's 

momentum through Heisenberg's uncertainty relation Ax Ap « h. The uncertainty in the 

momentum of the electron at the barrier height (J) is Ap = (2m (J))'71 where m is the rest 

mass of the electron. Thus, the uncertainty in position x is obtained by substituting Ap in 

Heisenberg's uncertainty relationship: 
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A* = T7Z • (7.6) 
(2 m <J>)I/2 

For the occurrence of field emission, the barrier width Ax should be on the same 

order of magnitude as the uncertainty in the position of the electrons. The strength of the 

field required to make field emission happen is given by [11] 

2 m (j> 3 

F a [ ~ T 7 r ] • (?-7) bl 

So, for a Mo field emitter whose work function is 4.6 eV, the magnitude of the external 

field needed for the tunneling of electrons is about 109 V/m. The emission of electrons 

that happens at a field strength above 109 V/m is called field emission since the process 

readily takes place regardless of the temperature, and thermal activation over the potential 

barrier is not required. 

The dependence of electron emission on both the magnitude of the external field 

and the work function of the material of interest has been well studied by R.H. Fowler 

and L.W. Nordheim, who devised a model based on quantum mechanical concepts [12]. 

In their model, the energy distribution of electrons follows Fermi-Dirac statistics where 

the number of electrons between E and E + dE is f(E) dE. All the electrons that arrive at 

the material's surface, however, are not able to tunnel, with some electrons actually being 

reabsorbed by the image force after escaping the material. Thus, the number of electrons 

with energy between E and E+dE tunneling into the vacuum is given by: 

N(E) T(E) dE , (7.8) 
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where T(E) is the transmission probability of electrons. The current density of tunneling 

electrons is obtained by the integration of N(E) over all energies and is given by 

J = e\f{E) T(E) dE . (7.9) 

The relationship between the current density of a pure metal at zero temperature and the 

electric field F normal to the surface is [12] 

J = A V2 exp(-B/F) (7.10) 

e 3 (3* _ 4 (2m)m (|)3/2 VQ) 
where A = , B = — — (1 in 

4 h t2(y) (|) 3 P h e 

and 

( e 3 F)m 

y = - — • (7.12) 
<p 

The quantities v(y) and t(y) are the Nordheim elliptic functions. As can be seen by the 

above equation, the field emission current density is a function of many parameters with 

the sharpness of the field emitter being very significant. In order to bring the sharpness of 

the tip into consideration, the field is described in terms of a geometry factor P [12]. The 

field strength can then be described by the equation: 

F = p V (7.13) 

where P is a geometric factor of dimension L"1 that depends mainly on the radius of the 

tip of the cone, and to a lesser extent on the cone angle and the shape and location of the 

anode. After substituting F, the emission current per unit area becomes [12] 
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= 1.56* 10~6 p V' 

(t> *2(y) 
exp 

(~6.44x 107 (j)3/2 y(y) 

P V 
(7.14) 

Like equation (7.10), the Fowler - Nordheim equation can be simplified as follows [12]: 

-b (j) 
\ 

3/2 

/ = aV exp (7.15 a) 

where a = 1 - 5 6 x 1 0 6 P̂  b -6-44x10? vQO 
4> t2(y) P (7.15 b) 

To a good approximation, t2(y) is 1.1 and v(y) is [12] 

V(y) =0.95 -y: 
(7.16) 

In order to determine the values of a and b, current - voltage (I-V) curves are 

measured on the assumption that a and b are constant. The slope of the I-V curve at any 

point where I can be differentiated with respect to V is used to determine the value of 

b<j>3/2. The value ofbc{)3'2 is substituted into Eq. 7.15(a), which together with the I-V curve 

is used to determine the value of a. A graph of ln( I / V2) versus 1/V, called a Fowler-

Nordheim (F-N) plot, may then be plotted where the slope of the resulting line depends 

on the work function and the geometric factor. On the assumption that the geometric 

factor remains fixed, the variation of the slope may be used to evaluate the relative 

changes in work function [13] 

4>, = ( W 2 / 3 <i>2 (7.17) 
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where <J), and <J)2 are work functions prior to and following the gas exposures, and S, and 

S2 are the corresponding slopes of the F-N plots. The variation of work function 

stemming from reactions of the field emitter with environment gases results in increases 

and decreases in the field emission current. 

A graphical representation of the potential energy experienced by electrons 

escaping from the surface of a metal is shown in Fig. 7.1. The potential barrier indicated 

by arrow (a) is the work function of the metal, O, which is defined as the energy 

difference between vacuum level, Evac, and Fermi energy, EF. The potential barrier 

indicated by arrow (b) is modified by an attractive potential. The attractive potential is 

induced by the image charges. This potential is described in equation (7.1). The potential 

barrier indicated by the arrow (c) shows that the work function is effectively reduced by 

A$. The decrease in work function is achieved as a result of a high electric filed. The 

potential indicated by arrow (c) is described in equation (7.3). 

7.2 Negative Electron Affinity 

The band structure of a typical intrinsic semiconductor is shown in Fig. 7.2 (a). 

The energy difference between the vacuum level and the bottom of the conduction band 

is called the electron affinity, %• Since the vacuum level, Evac, is located above the bottom 

of the conduction band, Ec, the electron affinity is positive. The positive electron affinity 

presents an energy barrier for electrons leaving the surface of a material. The work 

function, <!>, of an intrinsic semiconductor is defined as the energy difference between the 

Fermi level, EF, and the vacuum level, Evac. For an intrinsic semiconductor, the Fermi 

level is located in the middle of the band gap, Eg, which is the energy difference between 
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Figure 7.1. The potential barrier experienced by electrons at the surface of a metal, a) 
Potential barrier of a metal of work function O. b) Potential barrier that is modified 
due to image charges and c) potential in an applied strong electric field. 

the bottom of conduction band, Ec, and the top of valence band, Ev The threshold energy 

for electron emission, Ex, is given by Ex = x + Eg. 

As shown in Fig. 7.2 (b), for a negative electron affinity surface, the vacuum level 

is located below the top of the conduction band. Therefore, the electron affinity is 

negative. Negative electron affinity does not mean a zero or negative work function 

because the vacuum level is still located above the Fermi level. However, on an NEA 

surface, electrons that arrive at the conduction band can readily escape into vacuum 

because there is no energy barrier. Therefore, photo-electron emission can take place with 
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Figure 7.2. a) Schematic of the band structure of an intrinsic semiconductor, b) 
The band structure of a negative electron affinity surface. 

photo-excitation at the band gap energy. It is reported that CVD grown diamond films 

showNEA [14]. 

7.3 Exposure of an Uncoated Mo Tip to Oxygen 

Mo microtips were fabricated using electrochemical etching techniques, as 

described in chapter 6. The tip was placed in the STM inchworm motor and then 

precisely positioned 5 /urn from a flat HOPG surface using an interferometer, as described 

in chapter 6. The vacuum system was then pumped out and baked out for 24 hours to 

achieve a vacuum < 10'9 Torr. 

After the system is baked out, the activation of the microtip is carried out. 

Activation is thought to clean the tip of adsorbates collected when the tip is in air [15]. 

For activation, the Mo microtip is biased at - 570 V and the anode is grounded, as shown 

by the circuit diagram in Fig. 7.3. In order to prevent catastrophic failure of the tip, a high 

resistance is connected in series with the tip for current limiting. The emission current 

during activation is about 10"7 amps. This activation continues for more than 24 hours 
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until the deviation of the emission current becomes less than 1%. After the activation, the 

I-V characteristics were measured. As shown in Fig. 7.4, the I-V plot after activation 

follows the predicted F-N equation. The emission current turns on at an electric field of 

approximately 65 V/jim and reaches up to 2.7 x 10"7 amps at a field of 118 V/[j.m . These 

values are typical for sharp metal microtips. 

After activation, oxygen was introduced into the vacuum system to a pressure of 2 

x 10"7 Torr. After the introduction of oxygen, the uncoated Mo micro tip was biased at -

550 V to establish a field emission current of approximately 1 x 10"6 A. The microtip was 

then kept at this voltage and current while exposed to oxygen for a specified period of 

time. After this period of time, the vacuum system was evacuated to < 10"9 Torr and F-N 

curves were measured to observe any changes in field emission characteristics as a result 

of the exposure. After the F-N curve measurement, the tip was re-exposed to oxygen at 2 

x 10'7 Torr under the same current and voltage biasing conditions, and the F-N curve was 

re-measured, etc. 

The exposure of the uncoated microtip to oxygen resulted in a decrease in the 

emission current, an effect that began to appear after 1 L of exposure, as shown in Fig. 

7.4. A Langmuir (L) of exposure is defined to be 10 s at 10"7 Torr. Serious decrease in the 

emission current occurred at 100 L of exposure. At 1000 L of exposure the emission 

current completely disappeared, as shown in Fig. 7.4. Before the exposure, the field 

emission current was about 1 x 10"6 A at -550 V. After 100 L of exposure, the current at 

this voltage decreased to about 7 x 10"11 A, a decrease in current of almost four orders of 

magnitude. The turn-on voltage also went up as the exposure to oxygen increased. 
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Fits of the F-N plots resulting from exposures to 1 L and 10 L of oxygen are 

presented in Figs. 7.5 (a) - (d). Because of the difficulties in determining emission areas 

(reportedly only a few atomic sites [16,17]), only relative changes in the slope from the 

plots are studied. The relative change in work function is obtained by using equation 

7.17. When compared to the work function of the unexposed tip, the work function of the 

tip exposed to 1 L of oxygen increased by 3.4%. Exposure to 10 L resulted in an increase 

in work function of 9%. After greater exposures, the measurement of the slope from the 

F-N plot was not possible because the emission current was too small. 

Before the exposure experiments were carried out, the microtip was cleaned 

during the activation step. If this cleaning method were able to create a pure molybdenum 

surface, the work function of the microtip before the first exposure would be 4.6 eV, 

which is the work function of a pure Mo surface. If this is the case, the work function was 

changed by 0.16 eV and 0.41 eV after 1 and 10 L of exposure, respectively. However, the 

increase would have stopped after the Mo surface was fully oxidized if there were no 

changes in the sharpness of the microtip. 

7.4 Exposure of a Diamond Coated Mo Tip to Oxygen 

The introduction of oxygen into CVD reactors is carried out to enhance the 

crystalline quality of the diamond film and increase the growth rate [18,19]. It is reported 

that oxygen improves the crystalline quality by selectively etching non-diamond 

structures on the films [20]. Oxidation of diamond films has been studied in an oxygen 

ambient environment by heating the films resistively [21,22]. However, oxidation under 
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Figure 7.4. Fowler-Nordheim plots showing the effects of oxygen exposure on an 
uncoated Mo microtip. Exposure to 1 L significantly degrades the field emission 
current and increases the turn-on voltage. After 100 L of exposure, the emission current 
almost disappears. After 1000 L of exposure, the emission current turns off. 
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Figure. 7.5. Fowler-Nordheim plots from the data shown in Fig. 7.5 for successive 
exposures to oxygen of an uncoated Mo microtip. The straight lines are least squares 
fits. The slopes of the lines are related to the work function as discussed in the text.. 
(a) The unexposed tip. (b) Tip exposed to 1 L of oxygen, (c) Tip exposed to 10 L of 
oxygen, (d) Compilation of fits in Figs, (a) - (c) for comparison. The slopes are 
observed to increase as the exposure to oxygen increases indicating that the work 
function increases. 
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an intense electric field has not yet been studied. 

For these experiments, diamond-coated Mo microtips were fabricated as discussed 

in chapter 6. The methodology used for studying the effects of exposure to oxygen on the 

field emission properties of diamond coated Mo microtips was the same as that used for 

uncoated tips described in the previous section. The exposed tip was biased so that its 

maximum emission current was 1 x 10"6 A. 

As shown in Fig. 7.6, exposing the diamond coated tip to 1 L of oxygen decreases 

the maximum field emission current of 1 x 10"6 A by approximately a factor of 10. 

Consecutive exposures led to a small increase in the turn-on voltage but no significant 

decrease in the maximum emission current. In comparison, for the uncoated tip, the 

maximum field emission current decreased by approximately 4 orders of magnitude after 

100 L of exposure and completely turned off after 1000 L of exposure. 

7.5 Discussion of F-N Plots for an Uncoated Mo Tip 

The F-N plots presented in the previous sections show the emission current versus 

the applied voltage and contain information about the relative emission areas and work 

function [23]. Emission degradation and enhancement are subject to changes occurring on 

the tip. The emission areas are influenced by distance, bias, and sharpness with additional 

changes occurring as a result of ion bombardments that deteriorate both the sharpness of 

the tip and the emission stability. The work function of the material used for field 

emission varies with and is very sensitive to surface conditions which, in turn, are 

dramatically affected by adsorbates. Depending on the types of adsorbates, the field 

emission properties of the material can degrade or improve. ' " 
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Figure 7.6. Fowler-Nordheim plots showing the effects of oxygen exposure on a 
diamond coated tip. Near maximum current, exposure to 1 L of oxygen decreases the 
emission current by a factor of 10. However, subsequent exposures of 10 L, 100 L and 
1000 L do not significantly degrade the emission current near maximum current. 
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The presence of high electric fields and a high density of field-emitted electrons 

trigger the formation of energetic ion species in the vacuum container. The emitted 

electrons aid in the fragmentation of molecular oxygen. The degree of participation of 

different oxygen species in the formation of oxidized layers, however, is beyond the 

scope of this research. From an oxidation study with an atom-probe field-ion microscope, 

the depth profiles of oxygen concentration for Mo have been reported [24]. According to 

this study, the oxygen concentration influences the types of Mo oxides and the surface 

structure of the oxide film. On the outer surface, Mo03 is formed and contains some 

amorphous structures. In the intermediate layer between the outer surface and Mo bulk, 

MO02 exists with an ordered pattern [25]. 

The change in the surface condition of the microtip due to oxidation is reflected in 

the field emission current. Generally, the oxidation of a metal surface results in a higher 

surface potential barrier. The opposite effect occurs when alkali metals such as Cs are 

deposited on the surface at sub-mono layer coverages [26]. 

Previous works have studied the variation of the work function of Mo with respect 

to oxygen exposures and coverages. It has been reported by Bauer et al. that at low 

coverages (< 0.33 mono-layer) the oxidized Mo surface shows a decrease in the work 

function of approximately A<|> = -370 meV [27]. However, the exposure of pure Mo to 1 

L of oxygen at 1100 °K resulted in an increase in the work function by approximately 190 

meV. For exposures to oxygen at room temperature, increases in the work function by 

approximately 150 meV and 450 meV have been observed at 0.52 monolayer and 0.61 

monolayer coverages, respectively [27]. 
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The rate of oxidation depends on the sticking coefficient of oxygen to Mo. The 

sticking coefficient changes as a function of temperature, coverage and chemical state of 

the surface. Riwan et al. reported from adsorption studies that the oxygen coverage at 

room temperature was linearly proportional to exposure up to a coverage of 2.5 x 1014 

oxygen atoms cm"2. The adsorption was saturated after 12-13 L of exposure [28]. At low 

oxygen coverage the work function decreased, but as the coverage increased the work 

function went up by 1.5 eV at saturation. In other groups, an increase of approximately 

1.8 eV at room temperature was measured at saturation [29]. 

As discussed earlier, we observe work function increases A<f> of 160 meV and 410 

meV after 1 L and 10 L of exposure to oxygen, respectively. These increases are 

comparable to those observed by exposing Mo to 1 L of oxygen at 1100 °K [27]. 

However, our oxidation method differs from that used in Ref [27] in which oxidation was 

produced thermally and in the absence of an electric field. There is another type of 

degradation mechanism in high electric fields resulting from physical damage due to 

energetic ion bombardment. The increase in work function that we observe may also be 

due to ion bombardment. 

7.5.2 Discussion of F-N Plots for a Diamond Coated Mo Tip 

The theory of field emission in diamond films is currently receiving world-wide 

attention because of the potential realization of diamond-based FEDs. However, the exact 

mechanism of field emission of conduction electrons from the diamond bulk into vacuum 

is not clearly understood. 

Ion bombardment of diamond films results in the appearance of different carbon 
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bonds in the films. For example, the irradiation of diamond films with an Ar ion beam 

with energy of 1 keV gives rise to sp2 bonding in the film [30]. The increase in sp2 

structure has a very significant effect on the photoelectric threshold and work function of 

the diamond film [31]. 

From studies of the F-N plots obtained in our studies, changes in the work 

function with exposure are observed, as shown in Fig. 7.7. In the first 1 L of exposure, the 

work function surprisingly decreases by 8.4%, as shown in Figs. 7.7 (a) and (b). In 

subsequent exposures, the work function gradually increases. The maximum increase in 

work function of 5.6% occurs after 1000 L of exposure, as shown in Fig. 7.7 (c). Fig. 7.7 

(d) shows a compilation of fits of the F-N curves after 0 L, 1 L and 10 L of exposure for 

comparison. 

Some work has been reported on the effects of oxygen ion bombardment on 

diamond films. Beerling et al. studied the interaction of oxygen ions with epitaxial 

diamond surfaces [32]. They reported that at a beam energy of 200 eV, oxygen ions were 

observed to improve the diamond film quality by etching sp2 bonds. The etching 

processes decreased as the beam energy increased. As the beam energy reached 1 keV, no 

improvement in the film quality was observed. It has been reported that etching of sp2 

bonds on the diamond films occurs through the production of CO and C02 [33]. 

In our experiments, oxygen exposures are performed at 400 volts. Thus, it is 

possible that oxygen ions in the electric field are able to etch sp2 bonds. However, ion 

bombardment at 400 eV may also produce sp2 bonds and defects. Defects introduced into 

diamond films by ion irradiation have received considerable attention. For example, Zhu 
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Figure 7.7. Fowler-Nordheim plots from the data shown in Fig. 7.6 for successive 
exposures to oxygen of a diamond coated Mo microtip. The straight lines are least 
square fits. The slopes of the lines are related to the work function as described in the 
text, (a) The unexposed tip. (b) After exposure to 1 L of oxygen, (c) After exposure to 
10 L of oxygen (d) After exposure to 100 L of oxygen, (e) After exposure to 1000 L of 
oxygen, (f) Compilation of fits shown in (a) - (e) for comparison. The slope decreases 
after 1 L of exposure indicating that the work function decreases. The slope gradually 
increases after exposures to 10 L, 100 L and 1000 L. 
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et al. reported increased field emission after the ion implantation of boron followed by a 

high temperature anneal in hydrogen [34]. Theoretical calculations predict that the band 

gap of diamond decreases as the fraction of graphite-like sp2 carbon networks in sp3 

structures increases [35]. Therefore, the presence of non-diamond structures induced by 

ion bombardment may significantly affect the field emission properties of the coated tip. 

It has been reported that the oxidation of a hydrogen-terminated CVD-grown 

diamond surface by an oxygen plasma is not controlled by oxygen adsorption, but by the 

desorption of hydrogen [36], That is, the adsorbed H atoms are not as easily replaced by 

O atoms, as O atoms are replaced by H atoms. The NEA surface of diamond resulting 

from hydrogen termination during CVD growth disappears gradually as the ratio of 

oxygen to carbon at the surface increases. According to a study done by Pehrsson et al., a 

fully oxidized diamond surface prepared by electrochemical treatment did not exhibit 

NEA properties [37]. The complete disappearance of NEA occurred when the oxygen-to-

carbon ratio reached 12-14 %. In areas exhibiting NEA, the oxygen to carbon ratio was 

about 2-4%. 

The decrease in work function after 1 L of exposure that we observe may arise in 

the following manner. Because the bombardment of oxygen ions is not very effective in 

removing the hydrogen atoms bound to carbon atoms on the surface, only a few hydrogen 

atoms may be released by the incident oxygen atoms, allowing the diamond surface to 

maintain its NEA properties. Simultaneously, the incident oxygen atoms may create 

defects and sp2 bonded carbon. These non-diamond structures would induce a lowering of 

the work function as has been previously observed [38]. Alternatively, the 1 L of 
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exposure to oxygen may simply clean the surface by oxidizing adsorbate impurities and 

result in a lower work function. However, during successive exposures, the bombardment 

of oxygen atoms increasingly oxidizes the surface, resulting in the surface progressively 

losing its NEA properties and increasing its work function. 

7.6 Conclusions 

The changes in field emission characteristics of diamond-coated Mo tips and 

uncoated Mo tips as a result of oxygen exposure were studied. The interaction of 

molecular oxygen with the microtips under the influence of intense electric fields resulted 

in degradation of the field emission characteristics. 

The degree of degradation was very significant for the uncoated Mo tip. After 100 

L of exposure to oxygen, the field emission current decreased by 4 orders of magnitude. 

After 1000 L of exposure the field emission current completely turned off. The work 

function of the uncoated tip, as determined from the F-N plots, increased by 410 meV 

after 10 L of exposure. The emission current after longer exposures was too small to 

determine changes in the work function. 

Such significant degradation was not observed in the diamond-coated tip. The 

current decreased by only an order of magnitude after 1000 L of exposure to oxygen and 

most of this decrease occurred after the first 1 L of exposure. The increase in work 

function observed in the coated tip was approximately 230 meV after 1000 L of exposure 

to oxygen. A gradual increase in the work function was observed during successive 

exposures except for the first 1 L of exposure. Fig. 7.8 summarizes our results. 

In summary, the diamond coated tip shows rather small changes when compared 
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Figure 7.8. a) An electrochemically etched Mo microtip. b) A CVD diamond coated 
Mo microtip. c) Fowler-Nordheim plot of an uncoated Mo microtip showing significant 
degradation of the filed emission current after oxygen exposures, d) Fowler-Nordheim 
plot of a diamond coated Mo microtip showing stability in the field emission currents 
after oxygen exposures. A direct comparison of turn-on voltages and currents is possible 
because both tips are precisely positioned 5|am from the anode. The diamond coated tip 
is observed to have a lower turn-on voltage and field. 
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to the uncoated tip. It may be that the rate of oxidation is slower on the coated tip. The 

effects of defects induced by ion impacts on the field emission process are not clear, but 

the diamond coated tip shows significantly better field emission properties than the 

uncoated tip. 
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CHAPTER 8 

ENHANCEMENT OF FIELD EMISSION PROPERTIES OF DIAMOND 

COATED Mo TIPS WITH HYDROGEN EXPOSURE 

8.1 Introduction 

The study of oxygen exposure on the field emission properties discussed in the 

previous chapter showed that when both tips where exposed to oxygen the result was a 

decrease in the field emission current and an increase in the turn-on voltage. The most 

prevalent gas at the base pressure of 1 x 10'9 Torr in the field emission vacuum system is 

hydrogen. At this pressure, the partial pressure of hydrogen is typically higher by an order 

of magnitude than that of oxygen. Atomic hydrogen has unique effects on surfaces and 

diamond growth. In fact, the negative electron affinity (NEA) surface effect induced by 

atomic hydrogen is the fundamental property that allows applications in field emission 

displays. This fact, however, has not yet resulted in a more thorough understanding of the 

fundamental mechanism for NEA. In order to understand the mechanism, one must 

1 1A 
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understand the role of the atomic hydrogen in surface reactions, so the importance of the 

interaction of the coated tip with hydrogen cannot be overestimated. 

8.2 Exposure of an Uncoated Mo Tip to Hydrogen 

The activation of uncoated Mo microtips was carried out at a tip bias of -550 volt 

for over 24 hours. During the activation, the uncoated Mo microtips were biased at an 

emission current of approximately 3x 10"9 A and tip voltage of -550 V. After the 

activation, the uncoated Mo microtips were exposed to hydrogen. Exposure of uncoated 

Mo microtips resulted in an increase in the emission current from 3 x 10"9 to 6x 10"7 amps 

at a tip bias of-550 volt, as shown in Fig. 8.1. This result is consistent with published 

results for Mo field emission arrays consisting of Spindt-type micro-emitters [1]. In 

subsequent exposures of 10 L and 100 L, the emission current at a tip bias of -550 V 

hardly changed from 6* 10"7 amps. 

We also observed a reduction in turn-on voltage after the exposure. A change in 

turn-on voltage from -570 V to -450 V was observed between 0 L and 100 L of exposure. 

These tip bias voltages correspond to electric fields of 114 V/um and 99 V/jam, 

respectively. Therefore, the turn-on electric field was reduced by about 15 W^im after the 

hydrogen exposure. 

A very significant decrease in the work function of uncoated Mo microtips is 

observed after exposures to hydrogen as shown in Figs. 8.2 (a) - (d). The work function 

was lowered by almost 60 % after exposure to 1 L oxygen. However, after subsequent 

exposures of 10 L and 100 L, the work function changed very little. Fig. 8.2 (e) shows a 

compilation of the F-N curves after the exposures for comparison. " 
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Figure 8.1. Fowler-Nordheim plots showing the effects of hydrogen exposure on an 
uncoated Mo microtip. Exposure to 1 L significantly enhances the field emission current 
and decreases the turn-on voltage. After exposure of 10 L and 100 L, the emission current 
changes very little. 
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Figure 8.2. Fowler-Nordheim plots from the data shown in Fig. 8.1 for successive exposures to 
hydrogen of an uncoated Mo microtip. The straight lines are least squares fits. The slopes of the 
lines are related to the work function as described in the text, (a) The unexposed tip. (b) After 
exposure to 1 L of hydrogen, (c) After exposure to 10 L of hydrogen (d) After exposure to 100 L 
of hydrogen, (e) Compilation of fits shown in (a) - (d) for comparison. The slope significantly 
decreases after 1 L indicating that the work function decreases. 
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8.3 Exposure of a Diamond Coated Mo Tip to Hydrogen 

The hydrogen-terminated diamond surface has been observed to have NEA. This 

allows conduction electrons to escape easily into vacuum. Considerable current research 

seeks to unveil the effects of hydrogenation on the diamond surface. Currently, the most 

commonly used method to create an NEA surface in diamond is by hydrogenation. 

Hydrogenation of natural diamond is usually accomplished by exposing the diamond 

surface to atomic hydrogen with the assistance of a hot filament or microwave plasma. 

The deposition of a sub-monolayer of titanium on an argon-plasma-cleaned diamond 

surface is also reported to induce an NEA surface [2]. The effects of exposure to 

hydrogen in a high electric field have not yet been reported. 

The activation of the diamond coated tip was carried out using the same procedure 

described in the previous section. During activation, the emission current was 

approximately 10"7 A and the tip voltage was -200 V. The exposure of the coated Mo tip 

was carried out at a hydrogen pressure of 2 x 10"7 Torr and tip voltage of-150 V. During 

the exposures, the emission current at this bias voltage and pressure varied from 1 x 10"8 

A to a maximum of 1.7 x 10"7 A. The Fowler-Nordheim (F-N) plots after the exposures 

are shown in Fig. 8.3. We observe that as the exposure increases, the emission current 

increases and the turn-on voltage decreases. 

Fig. 8.4 (a) - (d) show the change in the work function after each exposure. We 

observe that the work function of the coated tip decreases as the exposure increases. After 

1 L of exposure, the work function is lowered by 6.5%. After consecutive exposures of 10 

L and 100 L, the work function is lowered by 17.8% and 50.5%, respectively. Fig. 8.4 (e) 
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Figure 8.3. Fowier-Nordheim plots showing the effects of hydrogen exposure on a 
diamond coated tip. After every exposure, the turn-on voltage decreases and the field 
emission current increases. 
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Figure 8.4. Fowler-Nordheim plots from the data shown in Fig. 8.3 for successive 
exposures to hydrogen of a diamond coated Mo microtip. The straight lines are least 
squares fits. The slopes of the lines are related to the work function as described in the 
text, (a) The unexposed tip. (b) After exposure to 1 L of hydrogen, (c) After exposure to 
10 L of hydrogen (d) After exposure to 100 L of hydrogen, (e) Compilation of fits shown 
in (a) - (d) for comparison. The slope decreases after 1 L, 10 L, and 100 L of exposures 
indicating that the work function decreases. 
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shows a compilation of the F-N curves after the exposures for comparison. If we assume 

that the work function of the CVD grown diamond film is about 4.15 eV [3], the 

reduction in work function achieved in our experiment would be 2.1 eV. Therefore, very 

favorable results are obtained after exposure to hydrogen in the presence of a high electric 

field. 

8.4.1 Discussion of an Uncoated Mo Tip 

A study of hydrogenation of a Mo surface showed that hydrogenation results in 

changes in the electronic states and surface structure [4]. These changes affect the work 

function of Mo. It has been reported that the work function of Mo increases as the 

hydrogen coverage increases [5]. However, as shown in Fig. 8.2 (b), we observe that the 

work function of an uncoated Mo microtip significantly decreases after exposure to 1 L of 

hydrogen. In successive exposures, the work function of an uncoated Mo microtip does 

not change much. We propose that the decrease in work function takes place in the 

following manner. Hydrogen is ionized by the impact from field-emitted electrons. The 

hydrogen ions such as H+ and H2
+ are accelerated towards the Mo microtip and clean the 

uncoated Mo microtip by removing oxides and carbonaceous contamination. This 

cleaning process is completed after exposure to 1 L of hydrogen. 

8.4.2 Discussion of a Diamond Coated Mo Tip 

An NEA surface can be more easily achieved in a wide-band-gap semiconductor 

because the wide band gap pushes the bottom of the conduction band close to the vacuum 

level. However, the hydrogen-free diamond surface has a positive electron affinity [6]. 

The hydrogen terminated (111), (100) and (110) diamond surfaces have been reported to 
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have NEA surfaces [7,8]. In addition, CVD-grown polycrystalline diamond films have 

been reported to have NEA [9]. 

The decrease in work function that we observe as the hydrogen exposure increases 

may be due to an increase in the hydrogenation of the diamond surface. The increase in 

hydrogenation may result from the bombardment of H+ and H2
+ ions. The bombardment 

may also result in more surface defects. It has been reported that the irradiation of clean 

diamond surfaces by high energy H2
+ ions shows the formation of amorphous carbon 

[10]. Therefore, the surface would be more hydrogen terminated and, simultaneously, 

have more defects. 

8.5 Conclusions 

The effects of hydrogen on the field emission characteristics of diamond coated 

Mo microtips and uncoated Mo microtips were studied. The hydrogenation of both 

diamond coated and uncoated Mo microtips results in improvement of the field emission 

characteristics. 

We proposed that the improvement in field emission property of both microtips 

takes place through different mechanisms. On the uncoated Mo microtips, hydrogen 

exposure improved field emission properties by removing oxides and carbonaceous 

impurities on the surface of the microtip. However, hydrogen exposure of a diamond 

coated Mo microtip makes the surface of the microtips hydrogen terminated. This 

hydrogen terminated surface lowers the work function by creating an NEA surface. The 

field emission properties of a diamond coated Mo microtip are improved due to NEA. 
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CHAPTER 9 

FIELD EMISSION PROPERTIES OF DIAMOND COATED 

Mo TIPS WITH NITROGEN EXPOSURE 

9.1 Introduction 

Diamond is typically grown in a hydrogen environment. The growth environment 

introduces hydrogen into the surface and bulk. The presence of hydrogen affects the 

properties of the diamond film. One of these important properties is the electrical 

conductivity. Hydrogen inside the bulk has been reported to make diamond p-type [1]. P-

type diamond has acceptor levels close to the valance band [2] that make electron 

emission difficult because of the wide band gap. N-type diamond would be an ideal 

material for field emission [3]. Nitrogen is considered an excellent potential dopant for 

forming n-type diamond. However, high-quality n-type doping of diamond has not yet 

been reported. Nitrogen affects the morphology of diamond as it is added during growth. 

At low concentration, nitrogen results in an improvement in the film quality by increasing 

1 <n 
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sp3 bonding [4]. 

Since nitrogen is a common residual gas in vacuum containers, knowledge of its 

effects on field emission is essential. The effects of ambient nitrogen on field emission 

from diamond has not yet been reported. In this chapter, the effects of nitrogen on a 

diamond coated microtip are discussed. 

9.2 Exposure of an Uncoated Mo Tip to Nitrogen 

Activation of the uncoated microtip was accomplished using the methodology 

previously described. The activation and the exposures were performed at the same bias, 

-550 V, and this bias voltage before exposure produced an emission current of about 

lxlO'7 A. As the uncoated tip is exposed to nitrogen, the emission current displays very 

little changes near maximum current, as shown in Fig. 9.1. After 1 L of exposure there is 

an increase in the turn-on voltage. However, after additional exposures of 10 L and 100 

L, the turn-on voltage slightly decreases and the emission current near threshold slightly 

increases. 

After exposure to 1 L there is an increase in the F-N slope, as shown in Figs. 9.2 

(a) and (b). The change in slope shows that the work function after 1 L of exposure 

increases by 8 %. But, the slopes remain almost the same after successive exposures of 

10 L and 100 L, as shown in Figs 9.2 (c) and (d). Fig. 9.2 (c) shows a compilation of the 

F-N curves after the exposures for comparison. 

9.3 Exposure of A Diamond Coated Mo Tip to Nitrogen 

After the activation of the coated tip was achieved at -170 V and 1.2 x 10"6 A, the 

exposure was carried out at -150 V. The emission current was about 2 x" 10"7 A during the 
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Figure 9.1. Fowler-Nordheim plots showing the effects of nitrogen exposure on an 
uncoated Mo microtip. Exposure to 1 L significantly degrades the field emission current 
and increases the turn-on voltage. After exposures of 10 L and 100 L, the emission 
current gradually increases, but does not recover its initial field emission current. 
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Figure 9.2. Fowler-Nordheim plots from the data shown in Fig. 9.1 for successive 
exposures to nitrogen of an uncoated Mo microtip. The straight lines are least squares fits. 
The slopes of the lines are related to the work function as discussed in the text, (a) The 
unexposed tip. (b) Tip exposed to 1 L of nitrogen, (c) Tip exposed to 10 L of nitrogen, (d) 
Tip exposure to 100 L of nitrogen, (e) Compilation of fits in Figs, (a) - (d) for 
comparison. 
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exposures. The emission current from the coated tip showed significantly less change 

after exposures than the uncoated tip, as shown in Fig. 9.3. Fig 9.3 shows that the turn-on 

field was about 18 V/jim and the tum-on voltage did not shift after successive exposures. 

The changes in slope of the F-N plots are shown in Figs. 9.4 (a) - (e). The work function 

increases by 15% after 1 L of exposure. After successive exposures the work function 

changes by only ±2.5% from this value. A compilation of the fitted F-N curves for all 

exposures is shown in Fig. 9.4 (e) for comparison. 

9.4.1 Discussion of an Uncoated Mo Tip 

Field emission from uncoated Mo tips in nitrogen has been reported to result in 

the formation of a Mo-N film, presumably by impact of ionized nitrogen molecules ( N2
+n 

, n= 1,2, 3). Mo-N is used for producing hard wear-resistant coatings [5,6]. Therefore, 

exposure of the uncoated tip to nitrogen may increase the hardness of the tip. The 

hardening process eventually would make the uncoated tip resistant to ion impacts. We 

find that nitrogen exposure hardly increases the work function. We think that the stability 

in emission current shown by the uncoated tip results from nitrogen incorporation. 

9.4.2. Discussion of a Diamond Coated Mo Tip 

We observe that the exposure of a diamond-coated Mo microtip to nitrogen does 

not significantly affect the field emission current. 

9.S Conclusions 

The field emission properties of an uncoated and diamond coated tip were studied 

as a function of nitrogen exposure. The effects of nitrogen on both types of tips were 

almost negligible. However, the coated tip showed less change and higher stability than 



158 

Figure 9.3. Fowler-Nordheim plots showing the effects of nitrogen exposure on a 
diamond coated tip. 
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Figure 9.4. Fowler-Nordheim plots from the data shown in Fig. 9.3 for successive 
exposures to nitrogen of a diamond coated Mo microtip. The straight lines are least 
squares fits. The slopes of the lines are related to the work function as described in the 
text, (a) The unexposed tip. (b) After exposure to 1 L of nitrogen, (c) After exposure to 10 
L of nitrogen (d) After exposure to 100 L of nitrogen.. (e) Compilation of fits shown in 
(a) - (d) for comparison. 
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the uncoated tip. 
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