
Distribuaox, WHrM-l lMM 

DE93 006279 

The Nucleation and Growth of 
Uranium on the Basal Plane of 
Graphite Studied by Scanning 

Tunneling Microscopy 

Robert John Tench 

(Ph.D. Thesis) 

Manuscript date: November 1992 

It 
LAWRENCE LIVERMORE NATIONAL LABORATORY 

University of California • Livermore, California • 94551 

m 
WSTRIBtmON OF THIS DOCUMENT IS UNLIMITED 



The Nucleation and Growth of Uranium on the Basal Plane of Graphite 
Studied by Scanning Tunneling Microscopy 

By 

ROBERT JOHN TENCH 
B.S. (University of California, Davis) 1987 
M.S. (University of California, Davis) 1988 

DISSERTATION 

Submitted in partial satisfaction of the requirements for the degree of 

DOCTOR OF PHILOSOPHY 

Approved: 

Engineering - Applied Science 

in the 

GRADUATE DIVISION 

of the 

UNIVERSITY OF CALIFORNIA 

DAVIS 

fttes^S A l ^ 

=r ^'" 

Committee in Charge 

1992 



Abstract 

For the first time, nanometer scale uranium clusters were created on the basal plane 

of highly oriented pyrolytic graphite by laser ablation (excimer with wavelength of 308 nm, 

20 nanosecond duration, and 4 x 108 W/cm2 power density) under ultra-high vacuum 

conditions. The physical and chemical properties of these clusters were investigated by 

scannki^ tunneling microscopy (STM) as well as standard surface science techniques. 

Auger electron (AES) and X-ray photoelectron (XPS) spectroscopies found the uranium 

deposit to be free of contamination and showed that no carbide had formed with the 

underlying graphite. Clusters with sizes ranging from 42 A 2 to 630 A 2 were observed 

upon initial room temperature deposition. Surface diffusion of uranium was observed after 

annealing the substrate above 800 K, as evidenced by the decreased number density and the 

increased size of the clusters. Preferential depletion of clusters on terraces near step edges 

as a result of annealing was observed. The activation energy for diffusion deduced from 

these measurements was found to be 15 Kcal/mole. Novel formation of ordered uranium 

thin films was observed for coverages greater tr.on two monolayers after annealing above 

900 K. These ordered films displayed islands with hexagonally faceted edges rising in 

uniform step heights characteristic of the unit cell of the P-phase of uranium. In addition, 

atomic resolution STM images of these ordered films indicated the formation of the P-phase 

of uranium. The chemical properties of these surfaces were investigated and it was shown 

that these uranium films had a reduced oxidation rate in air as compared to bulk metal and 

that STM imaging in air induced a polarity-dependent enhancement of the oxidation rate. 
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1 Introduction 

Thin films of many different materials play a significant role in the advancement 

of technologies. The field of semiconductor processing relies very heavily on the ability 

to deposit smooth thin uniform layers of conductors, semiconductors, and insulators. 

The optics fabrication community produces highly-reflective and anti-reflective coatings 

for high power laser applications that must meet very strict uniformity and consistency 

requirements. Alternating layers of high Z materials (i.e. W, Mo) and low Z (i.e. C) with 

flat interfaces are used in essentially all elements of X-ray optics. In addition, thin metal 

films demonstrate unique physical, electronic, chemical, and magnetic properties ! . 2 3A5 

which make them very interesting and exciting systems to study. The unique properties 

of these systems are a direct result of the reduced dimensionality (2-D versus 3-D) of the 

system, which means that surface and interface properties dominate over bulk properties. 

An avenue towards understanding the properties of these films is to study the nucleation 

and growth of the system. The atomic morphology of the nucleation and growth of these 

systems provides a great deal of information which can then be associated with the 

macroscopic properties of the thin films. 

Theoretical studies of thin film growth have been pursued for many years now, 

and in the 1950's, a classification scheme was set up to identify the modes of three 

dimensional growth of films.* The three predicted growth modes were designated as 

follows: the Volmer-Weber mode (Figure 1.1(a)), the Frank-van der Merwe mode 

(Figure 1.1(b)), and the Stranski-Krastanov mode (Figure 1.1(c)). The first mode occurs 

when the sum of the surface energy of the film and the interface is larger than the surface 

energy of the substrate and corresponds to a 3-D-cluster growth. The second mode, a 

layer-by-layer growth, happens when the substrate has a low surface energy as compared 

to the sum of the surface energy cf the film and the interface such that the film wets the 



surface, plus the strain energy in the film is small compared to its surface energy. The 

third mode is layer-by-layer formation followed by growth of three-dimensional (3-D) 

islands. In this mode the substrate has a low surface energy as compared to the sum of 

the surface energy of the film and the interface (like Frank-van der Merwe), but the 

strain energy in the material is large (opposite Frank-van der Merwe). The large strain 

energy in the film causes the second and subsequent layers to form 3-D islands instead 

of wetting the surface. This set of modes is valid only in systems where there is no 

chemical bonding, nor alloying. 

The surface energy of graphite is theoretically determined to be at least 875 

mfilm2? The surface energy of uranium has only been measured for molten metal and 

its value is around 1675 mJ 2/m 2 at the melting point.8 From these respective values the 

theory would predict that only 3-D island growth will result for uranium deposited on 

graphite. 
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Figure 1.1 Predicted growth modes (a) Volmer-Weber mode (3-D-

cluster growth), (b) Frank-van der Merwe mode (layer-by-

layer growth), and (c) Stranski-Krastanov mode (layer-by-

layer growth followed by 3-D islands). 

Researchers in the field of nucleation and growth have been studying the 

underlying processes in this area for quite some time. Several books and numerous 



technical papers have been written on the subject. 9- 1 0- 1 1 ' 1 2 ' 1 3 Prior to the invention of 

tunneling microscopy the field was dominated by studies using scanning electron 

microscopes employing both secondary electron and transmission electron techniques. 

These methods provided a great deal of insight into the growth of films by studying in-

situ structural changes of depositions and annealed samples with in plane resolution of 

several tens of nanometers. In electron microscopes it is difficult to achieve vertical 

resolution. A major drawback to these techniques is that the very high electron current 

used to perform imaging may generate serious contamination problems. At typical 

electron microscope vacuum pressures of 10"7 Torr, carbon is deposited onto a samples 

surface. Oiher techniques using (comparatively) large-area averaging schemes have also 

supplied a wealth of understanding of nucleation and growth processes. These 

techniques included X-ray diffraction, field-emission, field-ion, and sputter-ion 

microscopies, and low energy elytron diffraction. These averaging methods gave 

interesting information, but were unable to give detailed information on the nanoscopic 

arrangement during nucleation and in thin films that lacked long range order. 

Many deposition technologies have been employed for the study of the grovth of 

thin films. Probably the oldest methods used were chemical deposition methods 

including: electrolytic deposition, electroless deposition, anodic oxidation, pyrolysis, 

hydrogen reduction, polymerization, and several others. A very large field of thin film 

deposition used sputtering technology to make deposits. Included in these techniques 

were glow-discharge, magnetic field assisted-, RF, ion-beam- and reactive sputtering. 

Another general method of deposition used thermal evaporation of a material and its 

condensation onto a sample substrate. Several specific techniques of hearing material to 

be deposited were included in this field: resistive heating, flash evaporation, arc 

evaporation, exploding-wire technique, RF heating, electron-bombardment, and laser 

evaporation. The above techniques are excellent methods for specific systems, but can 

produce highly contaminated films if used on the wrong system. It was therefore 
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necessary to find a deposition method that would produce a pure and uniform thin film 

when used with a highly reactive species such as uranium. The deposition method 

chosen for this work was the deposition of uranium by laser ablation. This method of 

deposition guaranteed a non-contaminated uranium film on the graphite substrate. 

Ablation of solids by laser pulses of nanosecond duration is an important technique for 

the removal and the deposition of materials. In ablation, laser irradiation removes solid 

material by explosive ejection.14 High-temperature superconducting ceramic 1 5 ' 1 6 and 

silicon carbide17 films have been obtained with nearly perfect stoichiometry using this 

technique. It has been speculated18 that the films deposited by laser ablation result from 

the emission of large clusters in the ablation process, in contrast to equilibrium 

evaporation, where thermodynamics predicts that cluster formation is unlikely. 

Depositions of several materials have been studied previous to this by the 

conventional surface techniques described earlier. Of some interest are the epitaxial 

growth of materials on graphite. Gold was found to have grown on the basal plane of 

graphite with two different orientations.19-2" Epitaxial oxides of molybdenum21 and 

arsenic22 have also been measured in the past. 

Of specific interest to this discussion, uranium dioxide has been grown 

epitaxially on graphite using two different deposition methods. 2 3 ' 2 4 In the first, 100 to 

200 A thick UO2 films were made by depositing uranium metal onto graphite by thermal 

evaporation and letting the sample oxidize (at 10"5 Torr) once deposited. Crystals of 

UO2 were observed for both room temperature deposition (after annealing to 1000°C) as 

well as for depositions made with the substrate at elevated temperatures. In the second 

method, bulk UO2 was evaporated onto graphite by electron-beam heating and then 

annealed to form crystalline uranium dioxide. Until now no uranium metal deposits or 

thin films have been studied in a vacuum system with pressure low enough to avoid 

oxidation. One previous work2 5 studied the diffusion o: uranium on graphite, but this 

study did not work in a high enough vacuum to avoid oxidation of the uranium. In 



addition the graphite surface was mechanically altered such that the diffusion was not 

actually on the basal plane. This study found an activation energy of 115 Kcal/mole for 

diffusion on the plane perpendicular to the c axis of the graphite. 

Because of the reduced dimensionality of the uranium thin films to be studied 

and their extremely high reactivity, a non-interactive nanoscopic technique to measure 

properties of these systemc in-situ was required. Scanning tunneling microscopy has 

provided this atomic scale capability and has begun to produce results in many areas of 

nucleation and growth.2 6 Early work in this field simply observed the presence of 

clusters of different materials when deposited by varying methods onto a graphite 

substrate.27,28,29 j n addition, excellent work has been produced showing the power of 

scanning tunneling microscopy to give information on the phenomena of nucleation and 

growth from the morphology of metal films grown on metals.^u The work of Hwang et 

al. presented experimental confirmation of the three thermodynamically predicted 

growth modes. In this light the present work studied the growth modes uf uranium metal 

deposited on graphite. 

Studying uranium deposit? on graphite is of practical importance because of the 

potential u»e of this system to produce X-ray optics with smooth flat layers with sharp 

interfaces. The importance of studying uranium films on graphite also lies in the 

potential 'o study properties of uranium srrfaces unaffected by the bulk. If a uranium 

film can be grown on a surface such that the substrate acts only as a support with no 

chemical interference, many chemical reactions with uranium can be studied with ease. 

A thin film is preferable for studying uranium's properties because almost any reactant 

with uranium has the ability to diffuse into or is soluble in the bulk of a uranium sample. 

By removing bulk diffusion from the system all reactants and products can be studied 

before, during, and after a reaction. Previous to this work no (unoxidized) metallic 

uranium films have been produced and reported in the literamre. 
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2 Experimental Procedure and Apparatus 

The experimen'al procedure and apparatus used will be discussed in this section. 

Graphite samples were prepared by cleaving for the deposition of uranium by laser 

ablation. These samples were analyzed after uranium deposition for their chemical 

composition and surface morphology. The samples were then annealed and reanalyzed 

to determine chemical and morphological changes. The time to complete the deposition 

and analysis took a minimum of eight hours. The length of time for deposition and 

analysis was due to the requirement of having the graphite sample and holder equilibrate 

to ambient temperature before STM measurements could be made. 

2.1 Substrate preparation 

The sample substrate used in these experiments was the basal plane orientation of 

highly oriented pyrolytic graphite supplied by Dr. Arthur Moore at Union Carbifie.3' 

The samples (one centimeter square by up to one millimeter thick) were cleaved in 

laboratory air by pealing off layers of graphite with a piece of tape. A surface that was 

free from visible graphite steps and loose material was considered a good surface. This 

good surface looks like a mirror. Once a mirror-like surface was obtained by cleaving, 

the sample was mounted onto a holder which could then be transferred into the ultra high 

vacuum (UHV) chamber through a load-lock. The sample could be heated by an 

electron beam, analyzed by Auger electron spectroscopy (AES) or X-ray photoelectron 

spectroscopy (XPS), as well as be transferred off the chamber's manipulator onto the 

scanning tunneling microscope (STM). After the load-lock had been pumped out by a 

turbo-molecular pump, the sample was transferred to the manipulator in the UHV 

chamber and heated to 1200 K for approximately one minute in order to out-gas the 
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sample and remove any adsorbed surface contaminants. The sample was then left to 

cool to room temperature in the UHV environment before any experiments were 

performed. 

2.2 Laser Ablation Deposition 

Deposition of uranium was accomplished by ablating a uranium target with parts 

per million purity by a high-power pulsed laser (Figure 2.1). 

Figure 2.1 Setup for laser ablation. 



Contamination of the vacuum chamber by uranium was prevented by placing the 

target in a small cubic enclosure with an opening for the laser beam to pass through and 

a small hole in front of the laser's focus spot. A shutter in front of the hole was used to 

block the laser-created plume while the uranium target was cleaned with repeated laser 

pulses. The shutter was only opened for the deposition of uranium onto the graphite 

surface. The laser employed was an excimer laser (using hydrogen chloride and xenon 

gas) producing output at a wavelength of 308 nm and a pulse duration of 20 

nanoseconds. The laser's beam wis focused such that a peak power density of about 4 x 

1G8 WfcmZ -»as imcidMA on tte manium \sngn. Laser ablation was i»eti for iht 

deposition of uranium because of its simplicity and ability to deposit very clean uranium. 

An alternate technique such as evaporative deposition could not be used, because 

uranium would quickly alloy before it could be deposited with any crucible in which it 

would be heated. The only other method of deposition for ultra pure uranium is sputter 

deposition. This technique was not chosen because the laser ablation was simple to 

employ for the chamber used in these experiments. 

Laser ablation has some unique properties that need to be mentioned. For any 

given laser pulse power density the amount of material ablated per laser pulse was not 

observed to be constant. This is because the ablation process is a type of laser surface 

interaction and the surface in mis case was always being changed by the previous laser 

pulse, thereby changing the interaction. The interaction of high power lasers with 

surfaces is currently a topic of great interest and much research is being conducted in 

this area.32.33,34 The mechanism of ablation can be related to laser surface damage. A 

laser pulse is most likely to interact first with defects on a surface and for each pulse of 

the laser, the surface morphology on the uranium target changes. Therefore each pulse 

deposits different amounts of material. With the conditions of ablation discussed above, 

the laser heats the surface to approximately 6000 K. The surface heating then creates a 

plume of material in whicli the thermal energy from the laser is converted to kinetic 

file:///sngn
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energy of the uranium. This plume of energetic uranium has a cylindrically symmetric 

density for a circular laser spot and the radial density falls off as cosine to the power of x 

where x could be as high as 10 (see earlier ref. T. Venkatesan, et. al.). 

2.3 Laser Deposition and Analysis Chamber 

The ultra high vacuum chamber (Figure 2.2) used for these experiments was a 

stainless steel surface analysis chamber pumped by a 3001/s ion pump. 

Scanning 
Tunneling 
Microscope 

Sample 
Loadlock 

Excimer Laser Beam 
Through Viewport 

Sample 
Manipulator 
And Heater 

Residual Gas 
Analyser 

Gas 
itroduction 

LEED 
Optics 

Laser 
Ablation 
Target 

Double Pass Cylindrical Mirror Analyser 
ForAES.andXPS 

Figure 2.2 Laser Deposition and Analysis Chamber. 
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The vacuum level of this chamber based out in the mid 10" n Torr range. 

Because of uranium's high reactivity with water vapor, oxygen and other gases, it was 

necessary to keep the chamber below a maximum pressure of 1 x 10"1 0 Ton- to maintain 

a clean uncomaminated uranium surface for the duration of these experiments. This is 

because at 10" 1 0 Torr gas phase species are arriving at the surface at a flux of 10-" 

atoms/site/second and this could, with perfect sticking probability, contaminate the 

sample in less than 3 hours. The chamber's pressure was affected by the experiment 

itself. For example, heating the sarapie to 1100 K for two minutes would raise the 

pressure to 6 x 10"10 Torr. In addition, the laser pulses that created a plume of uranium 

used for deposition would also momentarily increase the pressure to around the 10"8 

Torr range for less than a second then decrease quickly to the 2 x 10"1 0 Torr range. This 

effect from the ablation process would take several minutes to be completely pumped 

away. Surface contamination resulting from this pressure burst can be estimated to be 

less than 1/100 of a monolayer. The most likely cause of this increase in pressure is the 

hot uranium atoms of the vapor plume colliding with the walls of the ablation cube and 

thus desorbing gases off the walls. 
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2.4 Auger Electron Spectroscopy (AES) 

AES uses the Auger process, i.e. as described by the ionization of a core level 

electron by an electron beam, an Auger transition, and the escape of an electron with the 

characteristic energy of the material under study. Very detailed descriptions of the 

process can be found elsewhere. 3 5 , 3 6 To understand enough for the discussions in this 

work the following is all that is needed. A core level, K, electron is ionized by an 

energetic primary electron, Ep, from a beam source, and the vacancy thus created is then 

filled by an electron from a higher kvel, Lj (see Figure 2.3). Either characteristic X-

rays are released from this energy difference (EK-ELI) due to the transition Li - K, or the 

energy can be transferred to another electron in an outer level, L2, ejecting it as an Auger 

electron. 

_ Vacuum level 

L l 

K 

Figure 2.3 Energy diagram of Auger electron process. 
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Assuming the analyzer in use has work function 0A> the energy of the Auger 

electron will be measured to be EK - ELI - EL2 - <t>A- This measured energy will give 

unique values depending on the sample being studied independent of the primary 

electron's energy. Because the Auger electrons used here have rather small energies (20 

- 600 eV), the escape depth for these Auger electrons is from 5 to 20 Angstroms, making 

this a highly surface sensitive technique. The initial core level ionization cross section 

determines the Auger peak amplitude for a given element; this dependence, tabulated as 

a sensitivity factor, can be used for quantitative measurements. To make a measurement, 

the sensitivity factor is divided into the peak height of an element and a ratio can be 

made with this value to another element of interest. Because the sensitivity factor is 

used in the denominator, elements with high sensitivity factors are easily seen (large 

Auger peaks) while those with low sensitivity factors are difficult to see (small Auger 

peaks). This experiment used AES to determine the surface's elemental components 

including carbon, uranium, and any contaminant, including the most likely oxygen. 

i 
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2.5 X-ray Photoelectron Spectroscopy (XPS) 

In XPS, an incident photon gives its energy to electrons in a solid, and if this 

energy is sufficient the electrons can escape from the material. Complete discussions of 

XPS can be found in many sources.3 7'^ More specifically in terms of energetics, X-ray 

photons of energy hv are incident on a sample; these photons are absorbed by the 

sample. Electrons are excited and some of these electrons escape with energy KE, given 

the binding energy Eb is less than hv. Because the ionization probability of each 

electron level is different, the peak intensity of each level will be different. As with 

AES, the work function of the spectrometer, # A, will affect the measurement. Given 

this, the binding energy of the electrons will identify elements uniquely, energetically Eb 

- hv - KE + 0A- In addition to identification of element, the peak positions of 

photoelectrons are extremely sensitive to shifts in electron energy due to bonding. Thus, 

XPS can give the added information of the chemical state of an atom. Like AES, 

quantitative measurements can also be calculated from XPS data. In XPS, the area of a 

specific peak for each element is measured and divided by its sensitivity factor. Again 

elements with high sensitivity factors are more easily identified. Because the XPS 

sensitivity factor of uranium is quite high, this technique was used to identify the 

existence and quantity of uranium. The peak shift information was used to determine the 

chemical state of both the uranium and carbon in these experiments. 
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2.6 Scanning Tunneling Microscopy (STM) 

The heart of this experiment was measurements using the high spatial resolution 

of an STM. Invented in 1982,3? the STM's functionality is based on the principle that 

the probability of electrons tunneling through a vacuum gap between a sharp metallic tip 

and a conductive surface decreases exponentially with distance. More specifically, when 

two conductors are separated by an insulating material (including air, liquid, of vacuum) 

there exists a barrier to the flow of electrons from one to the other (Figure 2.4). 

vacuum level 

FERMI 
LEVEL 

Figure 2.4 Schematic drawing of energy levels and potential barrier 

in a tunueling jjnction. 

Two possible mechanisms exists for tie transport of electrons through this barrier. First, 

the electrons can have sufficient thermal energy to surmount the barrier or the second 
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possibility is that electrons can quantum mechanically tunnel between the two 

conductors if the insulator is thin enough. The following is a reproduction of the 

derivation by Simmons.40 The theoretical model of this is schematically drawn in figure 

2.4. The electrons have a finite probability D(EX) of tunneling through this barrier of 

height V(x) as given by the well known WKB approximation: 

D(£ I) = expj--y | [ ' [2m(V( J t )-£ 1 )p ( J !r | (1) 

where Ex ~—mv\ is the x component of the incident electron's energy. The number W, 

of electrons tunneling from electrode 1 to electrode 2 through the barrier can then be 

quantified as: 

N^]['yA"MEM^=-t n(vx)D(Ex)dEx (2) 

where n\vx)dvx is .he number of electrons per unit volume, and E„ is the maximum 

energy of an electron in the conductor. From the Fermi-Dirac distribution function 

f(E) the number of electrons can be given by: 

n{v,) = ^\;KE)dE„ (3) 

where the integrand is in polar coordinates or: 

vr = v y , v z , 
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Now substituting Eq. (?) intoEq. (2) produces: 

N> = ^ i f t n{Exyuix\~J{EW, • (4) 

Similarly, the number N2 of electrons tunneling from electrode 2 to electrode 1 

can be formulated with the Fermi-Dirac function now written as f(E + eV) assuming 

electrode 2 is at positive bias V. This then yields: 

Ni=*2[r-£"D(E,)lE.£f{E + tV)tlEr. (5) 

Then the net flow of electrons through the barrier can be written as: 

J = fo'D(E,%dEx (6) 

with: 

4zm2 r-. 
If Jo 

j~f(E + eV)dE,. 

From Fig. 2.4 the potential barrier can be rewritten as V(x) —T) + <p(x). Using this 

substitution in Eq. (1) it can be shown that: 

D(E,) = exp -A(V + g>- E, J (7) 
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with the average barrier height p above the Fermi level of the negatively biased 

conductor and the constant: 

A = —-—(2m) 1, 

where /} is a correction factor very close to 1 and AJ is the width of the barrier. A: 0 K 

the Fermi-Dirac function can be integrated such that f, and Ci can be calculated 

yielding: 

f (4xme / k2){eV) 0 < £ , < r j - e V 1 
£ = \(47me/k2)[T]-Ex) J]-eV <EX<1)\. (8) 

0 Ex>n 

Now making the substitutions of Eqs. (7) and (8), Eq. (6) becomes: 

dE. 

dE, (9) 

This large integral is broken up into manageable terms and each is integrated and 

approximations are made such as to simplify the system. Once calculated it integrates 

to: 

with 

' = JJ?>e*p -A<f> \-(<p+eV exp ~A( <p+ eV J 

Ja=el2nh[li&sf. 

(10) 
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This form of the tunneling current equation is applicable to systems with a barrier of any 

shape if the average height is known. On the other hand the mean barrier height can be 

determined from the current versus voltage plot of a junction. It is important to notice 

that if the bias potential is turned off (V=0) the net current through the junction is zero. 

In a low voltage regime a simple form of Eq. (10) can be calculated by making 

some approximations. Expanding Eq. (10) and neglecting terms with V2 and higher 

orders, the tunneling equation can be written as : 

J - ' (elh) exp -*—'-cp (11). 

The critical parameter to notice in this equation is the exponential dependence of the 

tunneling current on the distance between the two conductors. With current electronic 

technologies, the exponential dependence can be realized such the STM's have vertical 

resolution on the order of 1/10 A. Because of this exponential dependence, STM is able 

to measure very easily any change ii height over a sample and create atomic scale 

images. The tunneling current's localization is directly dependent on the tips 

"sharpness", if the tip terminates in a single atom the STM can achieve atomic resolution 

(approximately 1/2 of an Angstrom resolution). In other words, magnification of 

approximately 10 million times can be achieved. It should be pointed out that the 

distance scale at which this tunneling equation holds is a separation of electrodes by 

approximately 10A. 

In this case, the surface under study is biased which then drives the tunneling 

current in a given direction. The bias voltage was usually 500 mV (sample positive) and 

the tunneling current was set at 0.6 nA unless otherwise specified. This current is then 

measured and held constant by a feedback loop (Figure 2.5). Maintaining this current is 
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achieved by the feedback loop controlling the tip/sample spacing by adjusting the length 

of the piezo electric crystal. The STM used for these experiments contained a 

cylindrical piezo crystal which facilitated x, y, and z motion of the t ip 4 ' . The 

piezoelectric effect is a strain-induced polarization in a crystal lacking a center of 

symmetry. Conversely when an electric potential is piaced across the crystal, strain is 

indrjed and the physical dimensions of the crystal change with great precision on the 

ator.jic scale.4 2 The range of motion for this STM was 1.4 urn in x and y and 0.4 um in 

z. By scanning the tip over the sample in a raster pattern and recording the z feedback 

position as a function of x and y, a three dimensional "image" of a surface can be 

generated. 
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Figure 25 Schematic of STM. 



This single atom termination on the tip is actually much easier to achieve than it 

sounds. Platinum/Iridium (90%/10%) alloy wire cut with a set of diagonal cutters will 

produce a tip with atomic resolution approximately 50% of the time. In these 

experiments, the above mentioned platinum/iridium tips as well as electro-chemically 

etched tungsten tips were used for all the imaging. The tungsten tips used required in-

situ electron bombardment to clean off the non-conducting oxide. Platinum tips did not 

require this treatment because platinum does not become oxidized as easily as tungsten. 

For these experiments, the high spatial resolution as discussed above determined 

the surface morphology of uranium as deposited on graphite by the methods given 

previously. From these measurements, the nucleation and growth of the films could be 

determined. Nucleation sites, mobility of ad atoms, and coalescence versus 

agglomeration of annealed films were determined with this technique. Note: the STM 

used for these experiments could not image exactly the same area of a sample before and 

after annealing. 

Tip problems of many types contributed the most difficulty for these 

experiments. The tip was the most critical element for getting good STM images. Dirty 

tips imaged very poorly or not at all. In addition tips with large radii of curvature or 

multiple protrusions would lead to images where real surface features were convoluted 

with the tip's shape. A given tip's quality was subjectively determined by the 

experimenter by viewing images in real time-

Samples with large deposition amounts were analyzed in air with a STM ex-situ 

to study the film's reactive properties. The samples for this part of the experiment had 

depositions of uranium created by the laser ablation described above in UHV. AES and 

XPS then analyzed the films to determine chemical composition. The samples were then 

removed from the vacuum chamber and quickly mounted in a STM operating in 

laboratory air. 



2.7 Laser Ionization (Time-of-Flight) Mass Analyzer (LIMA) 

To better understand the nucleation process, it was necessary to study the nature 

of the uranium plume generated during the ablation process with a separate chamber 

containing a time-of-flight mass spectrometer.43 In the equipment employed, a 

frequency-quadrupled Nd:YAG laser (wavelength = 266 nm) with 5 ns pulse width both 

ablates a target and ionizes the material ablated. The ions generated were then 

accelerated by an electric field and then detected by a reflectron time-of-flight mass 

spectrometer. Only ion species can be detected by this method, but at these laser power 

densities there should not be any problem ionizing any material. The laser beam in the 

time-of-flight equipment could be focused so that its peak power density is comparable 

to that of the excimer laser employed for film deposition (about 4 x 10s W/cm')-
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3 Results and Discussion 

The first step of the experiment was to deposit a given amount of uranium on a 

graphite substrate. AES analysis of the initial deposits showed no signs of major 

contamination on the samples. Next, XPS confirmed the presence of uranium and 

showed no sign of carbide formation on this initial deposition. The initial deposits were 

then imaged with the STM, which revealed the presence of clusters from the deposition 

process. The samples were annealed and reanalyzed by AES and XPS to determine that 

no additional contamination nor chemical changes had been introduced on the samples. 

Low and high coverage samples did however exhibit morphological differences upon 

annealing. Low coverage samples (less than one monolayer) demonstrated the diffusion 

of uranium on the graphite surface as displayed by the change of small clusters into 

larger ones, while the high coverage samples transformed upon annealing from small 

clusters to platelets displaying crystalline qualities. Finally, high coverage samples that 

had not been annealed were imaged in air revealing the ability of the STM to locally 

enhance the reaction rate of uranium films (made of clusters) with air or adsorbates on 

the films surface. 



3.1 Initial Deposition 
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A low coverage sample was analyzed by AES and the results of multiple scans 

showed a very large carbon peak (as expected since the substrate is graphite), only trace 

amounts of oxygen, and no detectable uranium (Figure 3.1). 
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Figure 3.1 Auger electron spectrum of less than one monolayer 

coverage of uranium on graphite. 

Uranium's largest Auger peak is located at 280 eV (NOP transition) which in this 

experiment is completely masked by the 271 eV peak (KLL transition) from the graphite 

substrate. The second largest Auger peak of uranium is located at 186 eV (NOO 

transition), but was not visible, in the scans taken. The inability to detect the 186 cV 
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peak of uranium is caused by the fact that the sensitivity factor for the 186 eV peak of 

uranium is ten times lower than that of the 510 eV peak of oxygen,44 hence with less 

than a monolayer of uranium on the surface one would not expect to see any sign of the 

uranium deposit with Auger spectroscopy. By increasing the pulse energy and/or 

depositing multiple pulses such that more uranium was on the surface the Auger peaks 

of uranium could very easily be seen by AES. 

However, XPS results (Figure 3.2) of a low coverage deposition similar to that 

just discussed showed the presence of uranium on the surface as well as, the expected 

carbon from the substrate and the trace amount of oxygen contamination also seen by 

AES. 
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Figure 3.2 XPS spectrum of less than one monolayer coverage of uranium on graphite. 



High resolution scuis of the carbon and uranium peaks revealed no significant 

shifts in their respective energy positions and no secondary peaks. These facts direcdy 

show that there was no uranium carbide formation, even though that is 

thermodynamically favorable because the reaction of uranium with carbon has a large 

negative free energy of formation.45 Obviously, the carbide formation could be 

kinerically limited by a high activadon energy. A high activation energy seems very 

reasonable for this system because there are only in-plane carbon-carbon bonds on the 

surface of graphite (with no substantial surface reconstruction)46 and the strength of 

these bonds is 124 Kcal/mole. This high C-C bond strength was probably the limiting 

factor causing the high activation energy for the formation of uranium carbide. 
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The surface morphology as seen by in-situ STM (Figure 3.3) showed uranium 

clusters of varying sizes, yet with uniform number density (number of clusters per unit 

area) across the sample. The images of clusters as deposited on the graphite did not 

change with time if the samples were left at room temperature. Therefore no room 

temperature diffusion was observed. 

nm 40 

figure 3.3 STM image of uranium deposit showing varying 

cluster sizes and uniform number density. 
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The area size distribution of the clusters is shown in Figure 3.4. Area was used, 

not volume, because height measurements were affected by different tips leading to 

changes in height (from 10 to 30 A) while the area distributions remained relatively 

constant. In essence, noise on the tunneling current due to bad tips seemed to have a 

greater effect on the height of clusters than it did on the lateral dimensions. The data 

showed a broad distribution with clusters of approximately 150 square Angstroms at its 

center. An interesting feature of this distribution was the lack of clusters measured 

below 42 A 2 . 
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Figure 3.4 Histogram of cluster sizes as deposited. 
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This lack of small clusters was most likely due to the deposition process itself. 

The lack of small clusters could not be attributed to the tip size limitations since 

numerous STM tips of both platinum and tungsten were used and small clusters were 

never observed. There were three possible explanations of the mechanism that causes 

the cluster formation upon deposition. The first proposed that the clusters were created 

in the high pressure region of the ablated plume near the ablation target for the short 

period of time it existed before expanding (Figure 3.5). The elemental composition of 

the vapor plume was analyzed by the LIMA technique described in the experimental 

section. These LIMA experiments revealed only the existence of monomer and dimer 

ions of uranium in the vapor plume. 

U Target / L a s e r B e a m 

Clusters created in 
high pressure region 
near ablation target 

Expanding Plume of 

Figure 3 S Creation of clusters in vapor phase of ablation process. 
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The second explanation was based on the growth of clusters at a highly energetic 

site, such as a defect or impurity (Figure 3.6). If clusters only grew at these sites, the 

clusters would then have very low mobility and upon annealing they would maintain a 

rather constant number density. But, as will be seen in the following sections, the 

number density of these clusters reduced appreciably after annealing. Additionally, the 

number density of clusters is orders of magnitude higher than the density of defects 

(which we determined to be .5 u.nr2 on these graphite samples as measured with 

techniques similar to those used by Chang et al.). 4 7 

Clus:ers grow at defect 
or impurity sites 

Highly 
Energetic Site 

GraDhite Surface 

Figure 3.6 Growth of clusters at high sticking probability sites. 



The third possibility was the surface diffusion of uranium until a critical cluster 

size was reached (figure 3.7). As mentioned previously, there was no observed 

diffusion at room temperature changing the surface morphology, so it was postulated 

that during the deposition process the local surface temperature increased enough and/or 

the adatoms had sufficient energy to facilitate diffusion which then formed clusters. 

Residual energy from 
ablation process permits 
diffusion which leads to 
formation of clusters 

Figure 3.7 Surface diffusion of uranium to form clusters. 

There were two possible sources of the energy that could have caused this 

diffusion. First, the uranium particles (atoms and dimers) in the vapor plume had 0.6 eV 

of kinetic energy from the pulsed laser which raised the surface temperature of the 

uranium target to 6000 K. This temperature rise is then convened almost completely to 

kinetic energy in the plume. Because there is such a large flux of panicles (10 1 4 cm"2) 

impinging onto the surface in less than a 25 ( is 4 8 from the single pulse deposited, the 

surface temperature of the graphite will rise. Second, the surface phonons of the 

graphite would gain energy from the heat of adsorption which could have been of much 

greater magnitude than 0.6 eV. Because the thermal conductivity of graphite in the 

prism plane direction is 300 times lower than in the basal plane direction, the energy 

gained from the deposition could have permitted the diffusion of uranium atoms and this 

should have proceeded until either the energy dissipated, or the clusters reached a critical 

Hot U Atom 

Cluster 



size for the given surface temperature. It should be pointed out that it is not necessary to 

have a hot surface. It is enough to have a hot atom. If the uranium loses enough energy 

in its first collision with the surface to be bound (adsorbed) but is still hot, it will diffuse. 

This third explanation is justified experimentally by the results of depositions at 

varying temperatures. When uranium was deposited at room temperature, 550 K, and 

735 K, the average cluster size increased from 150 A 2 to 350 A 2 to 580 A 2, again area 

was used not height because the height measurement was unreliable. Therefore, the 

average as well as the peak surface temperature during deposition played a role in 

determining the cluster size distribution. Because of this temperature dependence on 

initial cluster size, it seemed very unlikely that the number of defects on the surface 

controlled cluster foimation and in addition there was strong evidence that the clusters 

did not form in the vapor plume. 
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3.2 Annealing results AES and XPS 

The next step in these experiments was the annealing of the uranium deposited 

on graphite samples. The annealing time typically was from two to four minutes with a 

temperature range from 800 K to 1200 K. Once the samples were heated they had to 

cool down to room temperature before they could be analyzed with the STM again, even 

though they could be analyzed with AES and XPS immediately. In all experiments done 

the annealing procedure had no affect on the AES or XPS spectra. No contamination 

was produced and the quantity of uranium as measured by XPS did not change. To 

confirm the conservation of uranium during annealing, experiments were conducted 

several times to try to measure the desorption of uranium from the surface. 

The experiment to measure the possible desorption of uranium went as follows. 

First the mass spectrometer in the chamber had to be checked to see if uranium signals 

could be observed. To achieve this the mass spectrometer was turned on and set to scan 

from mass 220 amu to 250 amu and then the deposition laser was pulsed at the uranium 

target material such that the ablated uranium could enter the ionizing region of the mass 

spectrometer. It was repeatedly seen that mass 238 amu was generated during the 

ablation process. Once it had been confirmed that uranium could be seen by the mass 

spectrometer, several samples with high and low deposition amounts of uranium were 

heated to 1300 K, with their uranium covered surface facing the ionizing region of the 

mass spectrometer. It was found that no uranium could be detected during the heating 

cycle. It has tc be noted however, the vapor pressure of uranium at this temperature is 

approximately 10"9 Torr, hence all this really says is that uranium can not be detected at 

this pressure. Therefore, primarily from the XPS results and secondarily from mass 

spectrometer results, the annealing step was conservative in that no measurable amount 

of uranium was lost from the system being studied. 
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3.3 Low Coverage Anneals 

The annealing step that has just been shown to conserve mass did, however, 

affect the morphology of the uranium clusters on the surface. The as-deposited uranium 

surface with low coverage showed clusters of varying size with a unifonn number 

density across the surface. In this context, the meaning of low coverage referred to an 

amount of uranium less than or approximately equal lo OPS monolayer as measured by 

XPS. After annealing this type of low coverage sampie, the average size of the clusters 

increased (in both the lateral and vertical dimensions) and the number density of clusters 

in the images decreased appreciably (Figure 3.8). 

Figure 3.8 STM images of low coverage uranium on graphite before 

and after annealing to 1000 K for 4 minutes. 

Images are 20 nm on a side and not at the same location. 
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To achieve this morphological change there had to be surface diffusion of 

uranium. It was most likely that small clusters gave up individual atoms and these atoms 

diffused to larger more stable clusters (Ostwald Ripening). In addition, very small 

uranium clusters as units could diffuse on ihe surface and when two or more mobile 

clusters collided they would coalesce to form larger more stable clusters, but there was 

no experimental evidence to support this. It should be pointed out again at this time that 

the very low number density of defects (.5 |im"2) is such that the areas studied by the 

STM were very unlikely have a defect in them. Therefore, any defect-modulated 

diffusion growth model should be ruled out. 

To better understand this diffusion process the following model was proposed to 

quantify the diffusion (Figure 3.9). 

Figure 3.9 Cluster growth model. 
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The initial surface was covered by small clusters of uranium with local number 

density n (number of small clusters per unit area). After annealing there are a smaller 

number of large clusters N (number of sites per unit area at which large clusters grew). 

Each large cluster has associated with it an area (A=7tR2) from which it is assumed the 

diffusing uranium came. This area is derived by setting 1/N equal to A such that R = 

(nN)-"2. 

The number density of uranium cluster can then be described with the general 

diffusion equation in cylindrical coordinates, 

with the following boundary condition (BC): 

BC-1 ^ 0 =0 

BC-2 « L { W = °-

BC-l-the gradient in number density of small clusters is a constant across the r=R 

boundary (r is the distance from the center of a large cluster site). BC-2-the number 

density of small clusters at the edge of a large cluster goes to zero in that the large 

clusters act as perfect sinks. This edge is a time dependent function because the large 

cluster is ever growing while the sample is at an elevated temperature. 
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The previous analysis could be used to calculate diffusion coefficients from the 

two dimensional information of cluster sizes as a function of time and temperature if 

enough data were available and the mechanism of diffusion was known, but a much 

simpler method was employed. The assumption that large clusters act as perfect sinks 

can also be applied to step edges on the graphite surface. These sites were very active 

and any diffusing uranium was trapped at these locations (Figure 3.10). 

Figure 3.10 STM image showing depletion region next to step of sample that 

had been annealed to 1200 K for 4 minutes. 
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In this case the number of clusters per unit area will be given by N. The diffusion 

equation along a line perpendicular to the step edge is given by : 

with boundary conditions specifying that the number of clusters at the step edge is zero 

and that further from the step the number goes to some background level N 0 . After the 

sample had been annealed the number density along a line perpendicular to the step 

appears as in Figure 3.11. 

N 

90% 
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Figure 3.11 Number density of clusters along a line perpendicular to a step edge. 

By using the characteristic length, K defined by the ninety percent level of 

clusters as a scale, the diffusion coefficient was calculated by squaring X and dividing by 

the time the sample was at temperature QL2/I). The diffusion coefficients for three 

different temperatures were plotted on an Arrhenius plot (Figure 3.12). From the slope 

of this plot, the activation energy for the diffusion of uranium on graphite was measured 

to be 15 Kcal/mole. Whether this is the diffusion of actual uranium clusters or 

individual uranium atoms is not known. In an experiment where the diffusion of gold 
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clusters on amorphous carbon was measured, the activation energy for diffusion was 

calculated to be 27.1 Kcal/mole.49 This value for gold is fairly high in comparison to 

the activation energy for uranium, but an amorphous carbon surface is much more active 

than the basal plane of graphite. In good agreement with the uranium results, the 

activation energy of gold on glass5 0 and gold on sodium chloride, 5 1 were measured to 

have activation energies of 12 Kcal/mole and 4 Kcal/mole respectively. In addition, the 

activation energy for the diffusion of uranium on graphite measured in this work seems 

fairly reasonable in comparison to the activation energy for bulk self diffusion of 

uranium into uranium (28 to 44 Kcal/mole).5 2 , 5 3 
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Figure 3.12 Arrhenius plot of diffusion coefficients. 
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3.4 High Coverage Anneals 

High coverages of uranium were considered to have been those with more than 

one monolayer of uranium. These films behaved quite differently after being annealed 

than those just discussed for low coverages. The temperature range and time used to 

anneal both the high and low coverage samples were very similar. These high coverage 

depositions initially appeared to be simply a much higher number density of small 

clusters matching those seen for low coverages. Yet upon annealing the surface 

morphology of these high coverage samples changed from small clusters to platelets that 

had planar tops, uniform steps, and in some cases crystalline faceted edges (Figure 3.13). 

Figure 3.13 STM images of high coverage uranium on graphite before 

and after annealing to 1000 K fcr 4 minutes. 

Images are 100 nm on a side. 
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The structures on the surfaces after annealing displayed uniform step heights of 

about 5.5 A with some samples showing as many as three steps in the uranium deposit. 

This value of 5.5 A is quite intriguing because it is very close to the c 0 lattice constant 

(5.656 A) of the P-phase of uranium crystals.54 In addition, the images showed faceted 

edges to the platelets with included angles of 120°, which again points towards the p-

phase of uranium. As can be seen in Figure 3.14, it could be possible to have a uranium 

crystal terminate with a pseudo-hexagonal shape, because of the strong hexagonal 

structures in the B and C layers. 

Figure 3.14 Crystal lattice of the b-phase of uranium, 

with ao = 10.76 A and c 0 = 5.656 A 

(from previous reference, Yemelya.iov, ibid.) 



41 

A sample that was annealed to 1250 K for two minutes shows platelets with 

extremely well ordered edges, such that very close to perfect hexagons were observed 

(Figure 3.15). 

Figure 3.15 Hexagonal uranium platelet on graphite. 

Sample annealed to 1250 K for two minutes. 

Image is 45 nm on a side. 
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In addition, it was possible to achieve very close to atomic resolution on the top 

of this platelet (Figure 3.16). The image shows open hexagonal structure with the 

diameters of these hexagons equal to approximately 5 A. This agrees very well with the 

5 A diameter hexagons (Figure 3.14) for either the B or C layers of the P-phase of 

uranium as can be s;en by the overlays in the second image of Figure 3.16. Note that 

the direction of the dashed lines in the overlays correspond to the direction of the dashed 

line in Figure 3.15. In addition it should be pointed out that the small well ordered 

regions in Figure 3.16 are much smaller than the initial clusters that were deposited 

(similar to those shown in first image of Figure 3.13) and there is no real apparent 

structure to the areas between the ordered structures. 

Figure 3.16 Surface structure of hexagonal platelet (Figure 3.15). 

Images are 80 A on a side. 
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If the assumption is made that the hexagonal facets of the platelet line up with the 

major axes of the under lying graphite, the orientation of the uranium's structure can be 

related to the graphite lattice (Figure 3.17). 
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Figure 3.17 Graphite lattice with overlaid B and C layers of P-phase uranium. 

The lattice of circles represents either half the carbon atoms 01 the six-fold 

coordination sites of the underlying graphite lattice. Overlaid on this hexagonal 

background are the B and C layers of the p-phase from Figure 3.14. Here the dashed 

lines through the diagonal of a unit cell can be directly compared to the major axes of the 

graphite structure. It is clear that both the B and C layers match equally well for epitaxy 

on the graphite surface (only 3% mismatch in lattice parameters), but by observing the 



angular relationships it is clear from Figure 3.15 (30° rotation) that in this configuration 

the C layer of uranium has grown epitaxially on the graphite surface. In addition it is 

most likely that the atomic resolution image is also of the C layer of the uranium, 

because of the unit-cell height steps. 

It must be pointed out again at this point that XPS results for these samples after 

annealing showed no sign of carbide formation. As shown in the previous low coverage 

anneals, less than a monolayer of coverage produced a cluster-dominated growth where 

the surface energy of the uranium clusters dominated the growth such that clusters grew 

into larger clusters (Volmer-Weber). But, the presence of more than a monolayer of 

uranium somehow reduced the sum of the interface energy (between the uranium deposit 

and the graphite surface) and the surface energy (of the uranium film) such that, initially 

an epitaxial growth mode was favored followed by 3-D islands (Stranski-Krastanov), 

which could not have been predicted by the growth models presented in the introduction. 

It is interesting at this point to compare the amount of heat introduced into the uranium 

film by annealing and the latent heat of formation for uranium (Hf = 4.76 kcal/mole). 

When the sample was heated to 1000 K the heat absorbed per gram of uranium was 

equal to 6.2 kcal/mole, in which case it is easy to see that the formation of large uranium 

platelets is possible. It was observed that platelets of uranium were created when the 

sample was heated to only 900 K, which corresponds to only 3.9 kcal/mole of heat 

supplied to the uranium. On the other hand, if the ablation process deposits clusters of 

the a-phase of uranium, the heat of transformation to the |}-phase (0.71 kcal/mole) and 

sufficient energy for uranium self diffusion is needed to convert the uranium to platelets. 
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3.5 Air STM of Thick Films 

A film produced with fourteen laser pulses yielded AES and XPS spectra 

containing uranium, carbon, and oxygen only, similar to those shown earliei" for single 

pulse deposits. However, the oxygen to uranium ratio was substantially lower. Even 

though the average thickness was estimated to be forty monolayers the carbon peak was 

Still visible in the spectra suggesting the film deposition was not continuous. STM 

imaging in-situ confirmed the surface morphology to be rough but stable and 

unresponsive to imaging. The film was subsequently removed from the vacuum 

chamber and imaged with another STM in air. 

Figure 3.18 represents the results found after imaging in the following manner-

Figure 3.18 Uranium covered graphite surface imaged in air. 



An area of 20 x 20 nm 2 was scanned with 0.6 nA and 300 mV (sample positive) 

using a Pt/Ir tip. The scan area was then increased to 100 x 100 nm 2 and the graphite 

step on the surface was observed. The sample was th^n imaged at 3000 x 3000 nm2 and 

the previously scanned areas were clearly visible as raised patches. To try and enhance 

the effect, the upper left comer of the large area was scanned five times (approximately 8 

minutes). The 3000 x 3000 nm 2 area was then scanned again. It was found that the 

small area just scanned did in fact rise up. It was observed that mesa height was directly 

dependent on the scan time. The raised area just scanned seen in Figure 3.18 had grown 

by 6 Angstroms. This additional growth corresponds to 1.2 minutes of natural growth of 

uranium dioxide in air.^5 That natural growth rate was however, measured for a bulk 

uranium sample, whereas these films consist of an aggregation of clusters. Experiments 

on size selected silicon clusters56 have shown that chemical properties of clusters can be 

very different (reduced oxidation rate) from those of bulk materials in agreement with 

the results observed here. TH difference between the reactivity of clusters and bulk may 

explain why the natural rate does not completely oxidize the samples before the scanning 

enhancement effect can even be observed. 

It was possible to repeat this process in one location on a sample with 

sequentially reduced scan size, creating stepped mesas that existed for only a limited 

time. After scanning a sample for an hour and a quarter the observed mesas disappeared 

and imaging became impossible. This procedure was duplicated on seveial samples and 

the following was found. The raised mesas were only created when the tunneling was 

done with the sample positive. It was not possible to image samples that had deposits 

twice as thick or greater than those previously discussed, or were exposed to air for more 

than an hour before imaging. The fact that very thick films cannot be imaged in air 

implies that either the oxidation rate or the oxide produced on thick films is different 

from those of thin films made up of clusters. Again this indicates that the reactivity of 

clusters is different from bulk reactivity. 
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's believed that the effect observed above was due to the enhanced oxidation of 

the uranium in the area under the scanning tip. The change in surface morphology 

represents a growth of uranium oxide since the volume of the oxide is roughly two times 

the volume of the metal [Colmenares, ibid.]. Two possible explanations for this 

phenomenon are schematically represented in Figure 3.19. 
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Figure 3.19 Schematic drawing of oxidation enhancement due to STM imaging, 



The first explanation proposes that the gas/surface reaction rate is increased by 

electron attachment induced dissociation or field induced dissociation of O2 and/or H2O 

either in the gas phase or on the surface. This then field deposits reactive species to the 

area directly under the tip. The second explanation suggests that the electric field 

(approx. 105 V/cm) helps to diffuse O" and/or OH" ions through the previously oxidized 

layer to the uranium substrate. The presence of an electrical potential gradient has been 

shown to greatly enhance the diffusion of oxygen ions in uranium dioxide,57 but the 

transportation of reactive species through the oxide layer is not the rate limiting step. 

The first possible explanation of this enhanced reaction could be quantified by 

assuming the tip, sample, and gap (that is possibly saturated with water) act as an 

electrolytic cell. The tip acts as the crthode, where reduction takes place creating 

reactive species, and the sample surface is then the anode, where oxidation of the 

uranium takes place. The adsorbed water on the tip and sample acts as the electrolyte. 

For the raised patch in the upper left of Figure 3.18, there was a current 0.6 nA for 8 

minutes, which is equivalent to 2.9 x 10 -1^ Faradays. In an electrolytic process one 

gram equivalent weight of matter is chemically altered at each electrode for each 

Faraday of electricity passing through the electrolyte. Therefore, the raised patch of this 

sample should have expected 1.7 x 10"1(* grams of uranium to be converted to uranium 

oxide. This corresponds to converting a volume of 8.9 x 102 nm^ of uranium, but the 

experiment showed the conversion of only 3.84 x 10 - 4 |im3 of uranium. If this 

electrolytic cell model were indeed the process that oxidizes the uranium, it would have 

to be argued that the reason for the six orders of magnitude difference in these numbers 

was simply due to the lack of available water to have the reaction proceed. The other 

important comparison to make at this stage is the expected electrochemical equilibrium 

of uranium in an electrolytic cell. According to Pourbaix58* diagrams the formation of a 

uranium oxide will proceed for either a positive or negative bias of 0.5 V, therefore the 

observed bias dependence rules out electrolytic equilibrium. It is possible to image with 
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a STM in liquid, so it is theoretically possible to repeat this experiment in a large volume 

of water so there would be no question as to the availability of reactants. 

According to Colmenares (earlier reference) the rate limiting process for the 

oxidation of uranium in air is the surface-hydrolysis of water molecules. From this it 

must be concluded that to enhance the reaction rate there must be a mechanism to create 

a greater abundance of reactive ions on the surface. It has been observed that the 

probability to induce the electric breakdown of water can be related to the electric-field 

strength applied across the water.5' The field applied in the experiments presented here 

was on the order of 3 x 10" V/m and according to Sacchi (ibid.) this field strength 

corresponds to 100% probability of breakdown. Therefore, the most likely enhancement 

mechanism caused by the STM was the field enhanced dissociation of water. 
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4 Conclusion and Recommendations 

Scanning tunneling microscopy provides a new, unique, and powerful method for 

studying nucleation and growth of metallic films. Prior to its invention, other techniques 

provided necessary information for the study of growth but those methods were limited 

in ability. In the future, when the technology of tunneling microscopy advances such 

that high temperature systems can be built, nucleation and growth processes will be 

studied in-situ, giving the best picture yet of adatom diffusion and coalescence. In this 

experiment the Scanning Tunneling Microscope was used to study the nucleation and 

growth of uranium deposited by laser ablation onto graphite. 

This work shows that laser ablation of metallic uranium onto a graphite substrate 

produce clusters. Auger electron and X-ray photo-electron spectroscopies show the 

deposition to be free of contamination. These clusters are most likely formed on the 

surface after the uranium has been deposited on the graphite. The uranium and carbon 

do noi form a carbide upon deposition or after annealing to 1300 K even though this is 

thermodynamically favorable. After annealing the XPS and AES results again show no 

contamination, nor is there loss of uranium after the heating cycle. When depositions of 

less than one monolayer are annealed, the initial cluster distribution on the surface 

changes to form larger clusters and the activation energy for the diffusion process is 

measured to be 15 Kcal/mole. If films with depositions greater than one monolayer are 

annealed, the initial clusters that are deposited coalesce and uranium platelets are formed 

with a shape and surface arrangement suggesting that the p-phase of uranium was 

formed on the surface. This may show for the first time the ability to grow epitaxial 

metallic uranium on graphite, which provides a platform for future studies of uranium's 

properties. Thick (40A) uranium films produced by laser ablation had a reduced 
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oxidation rate in air as compared to bulk metal. STM imaging in air induced a polarity-

dependent enhancement of the oxidation rate. 

This system provides the opportunity for much future work. Improvements in 

the STM system leading to atomic resolution of uranium atoms in the metal islands 

would significantly enhance the understanding of the phenomena observed in this work. 

The use of a high temperature STM would provide the capability to observe diffusion 

while it takes place and a great deal more could be learned about the dynamics of 

nucleation and growth. The study of the nucleation and growth of uranium on single 

crystal graphite (rather than the poly-crystalline used here) would enable the use of low 

energy electron diffraction to compliment the STM measurements and provide more 

insight into the epitaxy of uranium on the graphite surface. The nucleation and growth 

of films made by laser ablation in comparison to evaporation or sputter deposition could 

be studied by investigating the conditions for epitaxial growth of gold and platinum 

(which arc easily evaporated in contrast to uranium) on graphite. 
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