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ABSTRACT 

The dissociative chemisorption of oxygen and water on 

Fe, Ti, and adlayers of each metal on the other have been 

explored via surface electron spectroscopies. Auger 

Electron Spectroscopy (AES) and X-ray Photoelectron 

Spectroscopy (XPS) have been used to monitor the reactions 

of titanium and iron with low exposures (from one to several 

hundred langmuirs) of oxygen and/or water vapor. 

Comparisons and contrasts are drawn between bulk metals and 

thin adlayers formed by vapor depositing a few angstroms of 

one metal on top of a relatively thick film of the other 

metal. Most notable is the ability of a very thin layer of 

titanium to lessen the reactivity of a thick iron film 

toward oxygen. 
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CHAPTER 1 

INTRODUCTION 

All metal surfaces will interact with water and oxygen 

to some degree, but they can differ greatly in the kind and 

extent of that interaction. These differences can range 

from noble metals which adsorb only a monolayer or less, to 

alkali metals like sodium which will react violently with 

water. An understanding of these interactions is needed to 

be able to choose the proper metal or make the correct 

modification for a specific application. An example would 

be the use of steel for making automobile parts, where the 

structural properties of the bulk metal are acceptable but 

the surface must be somehow prevented from prolonged 

exposure to oxygen and water. If the steel isn't completely 

covered by paint, the body parts will rust through in a 

relatively short time. 

Iron and titanium have been studied for several years 

along with many other single metal systems of interest. 

However, only relatively recently has significant research 

begun on studying the more complicated case of mixed metal 

systems, including intermetallics, adlayers, and alloys. 

FeTi and various Fe/Ti alloys are of interest for their 

potential use as hydrogen storage material as they can form 
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dense hydrides (24) . Also, Fe and Ti are among metal 

elements of interest for alloys to be used in magneto-optic 

data storage, so a study of their individual and combined 

surface oxidation properties is useful and will also 

establish protocol for studying other multi-metal systems. 

Unfortunately, surface interactions with 02 and H20 form 

oxide layers when the metal is exposed to the ambient, and 

these layers severely impede hydrogen transport into and out 

of the metal. This thesis describes the application of 

Auger Electron Spectroscopy (AES) and X-ray Photoelectron 

Spectroscopy (XPS) to monitor the initial reactions of 02 

and/or H20 with Fe, Ti, or an adlayer of one metal upon the 

other. 

1.1 Metal Oxidation 

Theory for general, low temperature (near or below room 

temperature) metal oxidation can be briefly introduced by 

summarizing the conclusions of Cabrera and Mott (5) and of 

Fehlner and Mott (7), which are shown schematically in 

Figure 1.1. Metal oxidation occurs in two phases, beginning 

with a linear, fast growth phase, and then being followed 

later by a slower, logarithmic phase, as shown in Figure 

1.1(a). 

The initial fast growth phase is essentially the 

adsorption of the first monolayer of oxygen molecules, but 
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can vary greatly in rate for various metals and can also 

continue into the metal surface for several monolayers. 

This linear phase does not require migration of either metal 

atoms to the surface or oxygen atoms to the metal, so its 

rate is determined solely by the rate at which oxygen 

adsorbs to the surface. The rate of adsorption onto the 

clean metal surface is controlled by the sticking 

coefficient, which is the fraction of oxygen molecules 

colliding with the surface which actually adsorb to the 

surface. At room temperature, this sticking coefficient is 

ca. 1 for many metals, but can be significantly less for 

noble metals, and the initial growth rate of oxides on these 

metals is therefore much lower than others, such as the 

transition metals. Also, this linear phase can continue for 

several monolayers if place exchange occurs between surface 

oxygen atoms and metal atoms beneath them. Place exchange 

takes place more rapidly than adsorption, so the fast growth 

rate continues as long as adsorption is the limiting step. 

Place exchange continues as long as the image force drawing 

the oxygen atom into the metal is enough to overcome the 

activation energy associated with this place exchange, but 

when the image force becomes less than enough, fast, linear 

growth will give way to slower, logarithmic oxide growth 

(5) . 

The logarithmic phase is controlled by whether the 
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oxide now formed is a "network former" or a "network 

modifier", both of which are illustrated in Figure 1.1(b) 

and (c). A network former or glass former oxide has a more 

open, channeled structure that facilitates the movement of 

large anions much more than small cations (7). Network 

former logarithmic phase oxidation is therefore dependent 

upon the rate of anion migration and the partial pressure of 

oxygen at the surface, but not the crystal face of the metal 

being oxidized. A network modifier oxide, on the other 

hand, is much more amorphous and relies on cation migration 

for continued oxide growth. The logarithmic phase oxidation 

rate of such a metal oxide therefore depends on cation 

migration and the crystal face being exposed (which affects 

the ease of removing a metal atom from the bulk) but is not 

dependent on the pressure of oxygen. Both cases are 

logarithmic with time because they depend upon a strong 

electric field to facilitate ion migration, but they differ 

in that network former oxidation occurs at the metal/oxide 

interface and network modifier oxidation occurs at the oxide 

surface. Fe is generally classified as a network modifier 

and Ti as a network former, but there is probably some 

degree of both types of behavior in both metals (5,7). 

Maschhoff (15,17) and Kruger (14) have shown evidence 

agreeing with the above model for 02 with Fe, and suggest 

that about 10 A of oxide film grows during the linear phase 



and that this later limits at ca. 30 A. Roberts (21) has 

explored higher pressures and exposures of H20 on Fe, 

finding Fe to be about four orders of magnitude less 

reactive toward H20 than 02. Fromm (8,9) has measured 

sticking coefficients for 02 on several metal films, 

including both Fe and Ti, and showing the reactivity between 

Ti and 02 to be greater than between Fe and Oz. For Ti, 

Burrell (4) and others (1,2,11,12) have postulated that 02 

forms a 15 A oxide film during the linear phase and 

logarithmically approaches ca. 40 A. This is in sharp 

disagreement with Platau et al. (19) who observed only one 

monolayer of oxide at 3000 L of 02 (langmuir = 10"6 torr 

sec.)/ which was very close to saturation dosage for the 

others. This disagreement will be addressed more directly 

in Chapter 4. 

Fehlner (7) and Cabrera (8) discussed metal surface 

oxidation after oxygen has adsorbed onto the surface and 

dissociated into ions. Figure 1.2 is a more general 

description of metal surface oxidation by 02 or H20, showing 

the various paths species can take to form either oxide or 

hydroxide. 02 can dissociate to form either O2" or 0'. H20 

can also form O2" by dissociating both hydrogens, or it can 

form OH* by dissociating only one of them. In these 

processes, hydrogen must pass through a metal hydride 

intermediate state, with widely varying stability between 
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metals, prior to combining with an adjacent hydrogen, and 

then leaving the surface as H2. Ti is known to form three 

different stable hydride phases - up to TiH2 - while Fe does 

not form a stable hydride of any sort. Whether or not a 

metal surface catalyzes dissociation, and which species are 

formed, will affect the resulting oxide/hydroxide (4,15). 

1.2 Oxidation of FeTi 

FeTi oxidation has been repeatedly reviewed in the 

literature, in particular with regard to the effect of 

oxide formation on hydrogen absorption (10,13,24). 

Unfortunately, much of the work has been done on FeTi after 

it has been "activated" for hydrogen absorption, where 

activation typically involves heating the metal to 4 00°C or 

more under a 20 bar pressure of H2 (24) . Activation 

inhibits passivation (10) and results in surface segregation 

that is present in many intermetallics and alloys which form 

hydrides (13). Resulting studies for 02 reactions were 

therefore often looking at a reaction that had taken place 

and was now buried under reaction products (22-26) or at a 

reaction where the microstructure of the surface had been 

drastically altered from that of the room temperature bulk 

metal (22-26). Data for non-activated samples and 

monitoring oxide growth after low exposures (18,20) indicate 

that Ti oxidation occurs first, saturating or nearing its 
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observable limit (AES or XPS escape depth) by ca. 30 L 

(langmuir) 02 exposure, followed by oxidation of Fe 

beginning at around 100 L 02. 

The thermodynamic heats of formation (AH f°)  and free 

energies of formation (AGf°) for various Fe and Ti oxides 

are listed in Table 1.1. Because values are per mole of 

oxide, one must consider the number of metal atoms involved 

when comparing energies. In surface studies like those 

described here, initial reactions (prior to place exchange) 

are typically limited by the number of metal surface atoms 

exposed rather than the amount of oxidant. Therefore, Table 

1.1 shows Fe203 and TiOz to be the products favored for Fe 

and Ti oxidation, and Ti oxidation to be largely favored 

over that of Fe when considering either enthalpy or free 

energy. 

Thermodynamic arguments assume, however, that the 

kinetics of reactions involved are fast enough for chemical 

equilibrium to exist. The approach described below explores 

the products formed, and can therefore point out when 

kinetics inhibit achieving thermodynamic equilibrium. In 

addition, forming films under nearly identical conditions 

greatly lessens microstructural differences. These 

differences can drastically alter both kinetic and 

thermodynamic properties. 
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Values of Thermodynamic Properties 

(from ref. 28) 

Oxide AHf°(kcal/molel AGf°(kcal/mole^ 

"FeO"* -63.7 -58.4 

Fe203 -196 . 5 -177.1 

Fe304 -267.0 -242.4 

TiO 43 (gaseous) 

Ti203 -367 -346 

Ti02 -218.0 -203.8 

Ti02 -207 

*FeO is really Fe0 950, wuestite. 

Table 1.1 
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1.3 Experimental Approach 

The intent of this thesis research is to compare and 

contrast the reactivity of pure Fe, pure Ti, and Ti-Fe 

adlayers when exposed to low partial pressures of 02 and/or 

HzO, monitoring these reactions via AES and XPS while they 

are still relatively near the surface (i.e. < 20 A). Vapor 

depositing the films from filaments at low rates ( < 20 

A/min.) assures dense, reproducible, polycrystalline films 

that can be deposited at low pressures ( < 10"8 torr during 

deposition). The affect that the presence of one metal has 

on the reactivity of the other can be determined by 

progressing from pure Ti, to Ti + 1 A Fe, to Ti + 3 A Fe, to 

Ti + 10 A Fe, to pure Fe, and vice versa-. As shown in 

Figure 1.3, these thicknesses approximate the progression 

from bulk metal Ti to individual Fe adatoms to small Fe 

clusters to a nearly continuous Fe thin film, based on an 

atomic radius of 1.3 A for Fe and 1.5 A for Ti. 
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CHAPTER 2 

EXPERIMENTAL METHODS 

2.1 Auger Spectrometer 

All Auger Electron Spectroscopy (AES) experiments were 

performed using a Perkin-Elmer Physical Electronics 

Industries (PHI) model 540A Thin Film Analyzer (TFA) - Auger 

analysis system. The main chamber, which was used for vapor 

dosing and subsequent AES analysis, consisted of a stainless 

steel bell jar pumped by a 220 1/sec ion pump and a titanium 

sublimation pump, separated from the pumps by a poppet 

valve, and having all ultra-high vacuum (UHV) flange 

connections. Base pressure for the chamber - the pressure 

just before starting an experiment - was on the order of 5 x 

10"10 torr while the ultimate pressure after bakeout was 

closer to 1 x 10"10 torr. The electron gun and coaxial, 

single-pass cylindrical mirror analyzer have been thoroughly 

described elsewhere, as have the computer interface and 

collection software (4). Spectra were taken at 5 eV per 

second, with the computer collecting a data point every 0.6 

seconds. The analyzer was modulated at 12 kHz and with an 

amplitude of 2 eV peak-to-peak. The lock-in amplifier used 

to detect the signal was operated at 40X sensitivity, 300° 

phase, and a 0.1 second time constant. The electron gun was 
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operated at 5 kV with a current of 0.5 /lAmp resulting at the 

sample, as measured with a current-to-voltage converter 

while biasing the sample at +160 V. The electron multiplier 

was operated at 1,150 V. As implied by the use of the lock-

in amplifier, AES spectra were taken in the first derivative 

mode, and their peak-to-peak amplitudes were measured after 

making one pass through a Sovitsky-Golay nine point 

smoothing routine. In order to be more quantitative, data 

analyses developed in the Armstrong laboratory and elsewhere 

(16) is available, but somewhat more time consuming to use. 

2.2 X-ray Photoelectron Spectrometer 

XPS and EELS data were taken using a Vacuum Generators 

(VG) ESCALAB Mark II Electron Spectrometer. The analysis 

chamber housing the X-ray and electron beam sources and 

electrostatic hemispherical analyzer was also a UHV chamber, 

this one being pumped by turbomolecular and titanium 

sublimation pumps. Base pressures for this system were 

equal to or better than those for the AES system. This 

specific experimental setup has been thoroughly described 

elsewhere (15) so only specific experimental parameters will 

be given here. All spectra, whether XPS or EELS, were taken 

in the CAE (constant analyzer energy) mode with 20 eV pass 

energy, 0.1 second collect time, and 0.02 second dwell time. 

For regions of specific elements (i.e. Fe, O, or Ti) a data 
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point was taken every 0.1 eV, while for survey scans from 

1000 to 0 eV binding energy, one point every 2 eV was 

sufficient. All XPS spectra were obtained using A1 Ka 

radiation at 1486.6 eV in order to separate Auger 

transitions from the Fe(2p), Ti(2p) and 0(ls) photoelectron 

energies. EELS data were taken solely for deconvolution of 

the XPS data, and were therefore taken using the same 

collection parameters and either using 1028.6 eV or 776.6 eV 

kinetic energy so that the elastic peak maximum would be at 

the same energy as the respective 2p(3/2) photoelectron for 

either Ti or Fe. 

2.3 Sample Preparation and Dosing 

Sample preparation was always performed in a UHV 

chamber, pumped by its own turbomolecular pump(s) and 

separate from the analysis chamber for that experiment. 

This preparation chamber was attached to either analysis 

chamber such that samples could be passed from one to the 

other via a magnetically coupled transfer rod while 

maintaining UHV in both chambers, but the passageway between 

chambers could also be closed off by means of a gate valve, 

allowing gas dosing in one chamber but not the other. The 

preparation chamber consisted of a number of tubes having 

line of sight with the center of the chamber. Tubes were 

terminated with either electrical feedthroughs (for quartz 



crystal microbalance (QCM), metal evaporation, or nude 

ionization gauge connections), variable leak valves (for 02 

or H20 dosing), viewports, or other tubes (for sample 

transfer). 

Metal films were created by evaporation from filaments 

onto Mo foil and monitored during deposition via a QCM. 

Filaments were made using ca. 5 cm of 1 mm. diameter wire, 

wound so the middle of the wire had a 4 turn spiral of 5 mm. 

outer diameter, and the remainder of the wire extending to 

Cu high current feedthroughs where the filament was held 

with a set screw. Both Fe and Ti were > 99.99% pure (AESAR, 

Johnson Matthey, Inc.), were mounted on the same three 

conductor feedthrough (with a common ground), and had a 

piece of Ta foil suspended between them to prevent 

deposition of one metal on the other filament. The 

substrate was either clean 0.25 mm. thick Mo foil (Alfa 

Products, Morton Thiokol, Inc.) or the same Mo foil but with 

overlayer(s) of metal or metal oxide from previous 

experiments. QCM monitoring was via a 10 MHz quartz crystal 

(JDR Microdevices) with a hole milled to expose one face of 

the crystal. The crystal was placed in the chamber so that 

it would receive approximately the same amount of metal 

vapor as the nearby sample substrate. The oscillator to 

drive the crystal at its fundamental resonance frequency is 

based on a Motorola MC12061P device and has been previously 
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described (30). 

While dosing for AES experiments was done in the 

analysis chamber but dosing for XPS experiments was done in 

the preparation chamber, the same criteria for relative 

positions were applied to both. Pressure measurements were 

made using a standard nude ionization gauge and controller, 

with the gauge placed in the chamber so it was approximately 

the same distance from the pumps as was the sample, and so 

it did not have line of sight with either gas dosing source. 

Similarly, the sample was always rotated upon its transfer 

rod so it was facing away from the gas source being used, 

and it was therefore assumed that the pressure measured by 

the nude ionization gauge was equal to the pressure of 

exposure at the sample surface. Both of the gas dosing 

sources employed sapphire seal variable leak valves to 

control the pressure of gas in the chamber. Research grade 

oxygen (Alphagaz, Liquid Air Corp.) and triply distilled 

water were used to supply dosing vapors. The water used was 

placed in a tube connected to the inlet of its leak valve. 

The water was then frozen with liquid nitrogen and residual 

gases were pumped away, followed by closing the leak valve 

and then allowing the water to thaw. Three such cycles were 

performed to effectively purify the water source of other 

gas impurities. 
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CHAPTER 3 

AES RESULTS 

Shown in Figure 3.1 are AES derivative scans from 350 

to 750 eV for Ti and Fe, with the three major metal peaks 

and O(KW) labelled for each. The 0(KW) peak grows larger 

as the surface oxide layer gets thicker upon exposure to 02 

or H20. The peaks in Figure 3.1 agree with the literature 

values (6) in position and shape for both Fe and Ti. Peak 

assignments (27) are listed in Table 3.1 on the following 

page. The peak positions shown are a few eV higher than the 

literature values given, but this is due to an instrument 

calibration difficulty with the spectrometer used here, and 

is small enough to be of no concern. 

Figure 3.1 shows the effect of 600 L of 02 at 5 x 10'7 

torr on the these metal surfaces. The 0(KW) is obviously 

large as a result, and the Fe and Ti peaks are considerably 

different than their clean metal spectra (not shown), 

indicating a change in oxidation state for both. The LW 

and LMV peaks for both Ti and Fe are rounded, corresponding 

to peak broadening in the N(E) or non-derivative spectra. 

When a gaussian peak - like is found in N(E) AES spectra -

is broadened, the slope at the point of inflection is 

lessened and that point of inflection is shifted slightly 
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AES Peak Assignments (from refs. 6 and 27) 

position(eV) assignment 

Ti 387 LjM23M23 

418 L,M23V 

451 LjW 

0 503 KW 

Fe 598 

651 LjM23V 

703 LjW 

Table 3.1 
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away from the peak maximum, resulting in smaller, rounded 

peaks in the corresponding derivative spectrum (4). There 

is a lesser but noticeable rounding of the LMM peaks also, 

as there is a small effect on the energy of nearby orbitals 

as the new oxidation state directly affects the valence 

electrons. Figure 3.2 shows similar peak shape changes for 

thin adlayers of one metal over the other, upon 02 dosing. 

Figure 3.3 consists of two AES ratio uptake curves, one 

for 02 exposure and one for H20 exposure to various 

thicknesses of Ti adlayers on Fe. Intensity ratios are used 

because they are insensitive to the 5 to 20% fluctuations 

occurring in the electron gun flux, between each spectral 

scan, that make results much less reproducible if using 

absolute peak intensities. Similarly, Ti' and Fe1 are used 

instead of just the one peak (703 eV for Fe or 418 eV for 

Ti) normally employed, where Ti' is the sum of the 387 and 

418 eV peak intensities and Fe* is the sum of the 598, 651 

and 703 eV peak intensities. This is done because this 

method of relative atomic ratio computation yields a 

significantly better precision by partially accounting for 

the changes in relative peak heights that occur as the AES 

peak shapes change during oxidation. Relative atomic ratio 

plots were calculated for O/Fe1, O/Ti', and Fe'/Ti1 for the 

data indicated in Table 3.2. These ratios, plotted as a 

function of oxidant exposure to the clean surface (giving a 
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AES Ratio Plot Figure Numbers 

oxidant 

pre-dosed 

H2O O2 H2O O2 

Fe metal 3.3b 

+ 1 A Ti 3.3b 

+ 3 A Ti 3.3b 

+ 10 A Ti 3.3b 

Ti metal 3.8a 

+ 1 A Fe 3.8a 

+ 3 A Fe 3.8a 

+ 10 A Fe 3.8a 

(*** = Data 

3.3a 3.4b 3.4a 

*** *** *** 

3.3a 3.4b 3.4a 

3.3a 3.4b 3.4a 

3.6b 3.8b 3.7a 

*** *** *** 

3 . 6b 3. 8b 

3. 6b 3 . 8b 

not taken) 

Table 3.2 
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product uptake curve), are a viable means of comparing 

reactivities of surfaces between different exposure 

conditions, and between different surface pretreatments. 

Table 3.2 gives the figure numbers for product uptake curves 

shown in this chapter, but all of them are included in 

Appendix A. 

Figure 3.3(bottom) has superimposed upon it the results 

for the same experiments when the sample is heated to 100°C 

instead of room temperature. For these experiments the 

sample holder was resistively heated using a Ta wire 

electrically isolated from but winding around and through 

the sample holder. However, Figure 3.3(bottom) shows no 

significant difference in reactivity for the two 

temperatures, and neither do the other ratio curves for Fe + 

Ti or Ti + Fe reacting with HzO (see Appendix A) . In light 

of these results and literature indications that this kind 

of temperature difference would be small for 02 exposures to 

FeTi (24), Fe or Ti (5,7), the remainder of experiments were 

performed at room temperature in order to observe 

differences in reactivity due to chemical changes rather 

than temperature effects. 

3.1 Fe Oxidation 

For the studies described here, where 600 L was the 

largest exposure used, the Fe peak shape shown in Figure 



3.2(bottom) is unique. Only when exposed to 100 L or more 

of Oz did the Fe lineshape show significant changes. 

Maschhoff (17) used similar pressures and XPS as the 

characterization tool, and found ca. 20 A of oxide to have 

formed at 100 L of 02 exposure. However, the Fe AES peak 

shapes are rather insensitive to oxidation state changes of 

the metal. The O/Fe ratio for the spectrum in Figure 

3.2(bottom) is calculated to be ca. 15 A of oxide, well 

within the combination of experimental error and variations 

between the two sets of experiments. Maschhoff also showed 

evidence for Fe forming two different, discrete oxide 

layers: a thinner, surface layer of Fe304 over a film of FeO 

that forms the bulk of the oxide (15). These results are 

also in general agreement with Kruger (14) and Fromm (8). 

Figure 3.3(bottom), in addition to showing little 

difference in reactivity between room temperature and 100°C, 

also demonstrates how much less reactive clean Fe is toward 

H20 than it is toward 02, as was expected based on work by 

Roberts (21) and preliminary results of Maschhoff (15). 

Based on the assumption that a single monolayer of adsorbed 

O would be 3 A thick (based on the diameter of 02" (28)) and 

established sensitivity factors (6) and escape depths for Fe 

and Ti electrons (intensity at depth (x) is proportional to 

e"x/i, A.=escape depth) (3), that single monolayer should 

yield an O/Fe' ratio almost double the one observed for a 
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600 L exposure of H20. (See Briggs (3) or Burrell (4) for 

detailed equations.) It appears that at these'pressures Fe 

has passivated toward further oxidation by H20 with only a 

half-monolayer oxide film. Roberts also found H20 to be 

much less reactive toward Fe, estimating it to be 0.02% as 

reactive as 02 (21). Referring back to Figure 1.2 in 

Chapter 1, reactivity toward HzO could be inhibited by 

either not dissociating H20 or by not allowing the 

dissociated species to absorb into the film. 

Figure 3.4 summarizes the effects when the experiments 

of Figure 3.3 are repeated, but with the addition of a 5 L 

"pre-dose" of one oxidant before the exposure to the other. 

Comparing Figure 3.3(top) to 3.4(top) shows essentially no 

change in the reactivity of clean Fe toward 02, while 

3.3(bottom) and 3.4(bottom) suggest that an Oz pre-dose -

even at a level too low to form a thick oxide - will 

increase the reactivity of Fe toward H20 vapor. The work of 

Roberts (21) suggests that a 5 L pre-dose of H20 is far too 

little to alter the Fe surface and its reactivity toward 02, 

as -is shown here. 

3.2 Ti Oxidation 

For all of the AES studies performed here, Ti is far 

more reactive toward both 02 and H20 than Fe. The Ti 

lineshape changed radically within the first few langmuirs 
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of 02 or H20 exposure, indicating that all of the early 

oxidation, and most of the total oxidation, occurs with the 

Ti, as is shown in Figure 3.5. Whether the Ti is 10 A thick 

on top of Fe (Figure 3.5(top)) or has a 10 A Fe layer on top 

of it (Figure 3.5(bottom)), the Ti is still preferentially 

oxidized, although more slowly with an Fe overlayer. 

Fromm's studies on the sticking coefficients for 02 on metal 

films (8) and various papers on FeTi oxidation (18,22,23) 

(see section 3.3) indicate that this should at least be the 

case for 02 and is probably so for H20 as well (see the 

hydride model in Chapter 1). 

Figure 3.5 shows O/Ti1 ratios for 02 exposures for Ti 

as an adlayer (top) and Ti with an Fe adlayer (bottom). In 

Figure 3.6(top) the O/Ti1 ratio is higher for the adlayers 

because some of the oxygen is probably adsorbed to Fe, and 

because the adlayer has no Ti signal contributions from 

unoxidized bulk metal beneath it. The most notable 

observation here is that the initial extent of oxidation for 

3 A of Ti is much greater than that for 10 A of Ti, and the 

reactivity is greater for 10 A of Ti than for bare Ti. The 

difference in reactivity is greater than the difference 

between the reactivities for high exposures, so it is not 

just an artifact of the way the data was plotted. In Figure 

3.6(bottom), the 10 A Fe overlayer curve appears to differ, 

but if it is corrected for the intensity lost from the Ti 
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signal due to the overlayer, the 10 A curve becomes ca. 30% 

lower. The initial rate is slightly less for the 10 A film 

than for bare Ti, as would be expected based on the Fe film 

physically separating the reactants. Using calculations 

like those in section 3.1, the 600 L exposure to bare Ti 

corresponds to formation of ca. 30 A of oxide. 

Fehlner (7) postulated that the presence of H20 vapor 

could produce OH" "dangling bonds" in the oxide being formed 

by assisting the ion migration necessary for oxide growth, 

and thus increase the rate of oxidation with 02. In 

contrast, Kruger (14) showed H20 vapor to decrease Fe's 

reactivity toward 02. Figure 3.6 tells a similar story for 

Ti. Comparing Figure 3.6(top) to 3.5(top) shows H20 pre-

dosed Ti to react less with 02 than Ti that hasn't been H20 

pre-dosed. Figure 3.6(bottom) shows the Ti lineshape, 

indicating less oxidation than of the Ti shown in Figure 

3.2(top). 

Figure 3.7 is the relative atomic ratio curves for 

O/Ti' vs. H20 exposure. Similar to Fe, the ratios are much 

less than corresponding ones for reaction with 02, but 

calculations like those in section 3.1 show that instead of 

sub-monolayer adsorption H20 forms ca. 10 A of "oxide" on 

the surface. (AES cannot distinguish between oxide and 

hydroxide.) Pre-dosing with 02 again slightly increases the 

O/Ti' ratios, but not very much. 
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3.3 FeTi Oxidation 

Wulz et al. (29) made it especially clear that the 

surface controls the reactivity in these hydriding systems. 

They demonstrated H2 absorption into Ti02 (thought to be 

non-hydriding) by depositing a 10 or 30 A metal film on top, 

using metals known to dissociate H2 (29). Figure 3.8 shows 

this same kind of effect for just 3 A of Ti over Fe. Figure 

3.8(top) is the same as 3.3(top), while 3.8(bottom) is an 

expansion and elaboration upon the first 30 L of 3.3(top). 

The dashed lines in Figure 3.8(bottom) are corrections for 

the escape depth for 10 A and 3 A films, taking into account 

the fact that the Ti overlayer will diminish the relative 

signal intensity of the Fe Auger electrons. The 10 A 

corrected curve roughly parallels the curve for bare Fe, but 

the 3 A curve shows two distinct differences from either the 

10 A or the bare Fe curve. There is decidedly less oxygen 

uptake for the 3 A curve, and the oxygen uptake that does 

occur comes earlier in the 02 exposure than for either the 

10 A or the bare Fe curve. 

Finally, the passivating action of 3 A of Ti on Fe is 

affected by pre-dosing with 5 L of H20. As seen in Figures 

3.5, 3.6, and 3.7, while an H20 pre-dose will lessen the 02 

uptake of a bare Fe film, the pre-dose increases the 02 

uptake for a 3 A film of Ti on Fe. 
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CHAPTER 4 

XPS RESULTS 

In XPS, because the analyzed electrons are of similar 

energies to Auger electrons, they have essentially the same 

surface sensitivity, as the number of electrons escaping the 

surface without energy loss decreases with depth (x) by 

e'x/x, where k is the escape depth (on the order of 10 A for 

AES and XPS) (3). Differences arise in AES because electron 

sources are usually used vs. X-rays as excitation sources in 

XPS. In addition, XPS looks at ejected core electrons, while 

AES electrons are the final result of a three electron 

interaction, and these Auger electrons often come from 

valence bands. 

For this study, XPS offers the ability to more readily 

distinguish the oxidation state of Fe or Ti through small 

shifts in their binding energies (B.E.'s), and similarly 

distinguish between oxide (02") and hydroxide (OH") . XPS 

experiments were therefore performed for some of the 02 or 

H20 exposures to clean Fe, Ti, or FeTi that the AES 

experiments had shown to be the most interesting. All XPS 

spectra shown here have been binding energy corrected based 

on the 2p3/2 zero valent peak of the predominant metal, this 

peak always being sufficiently resolved to do so. 



I 

46 

4.1 Fe Oxidation 

Figure 4.1 shows the Fe 2p1/z and 2p3/2 peaks for a clean 

film of Fe and for one exposed to 600 L of 02. In Figure 

4.1(bottom), the peaks for zero valent metal are still 

distinguishable, indicating the presence of Fe° below the 

surface which has not yet been oxidized. The peaks growing 

in at higher B.E. are from surface, oxidized Fe, and the 

magnitude of the shift indicates the oxidation state. The 

2p3/2 peak for oxidized Fe - shown in Figure 4.1 (bottom) - is 

at 710.7 eV, which arises from a mixture of Fe2+ and Fe3+ due 

to the oxide being comprised of FeO, Fe304, and perhaps some 

Fe203 (15). 

Figure 4.2 shows the Fe 2p region for Fe exposed to 600 

L H20 (top) and 600 L of 02 after pre-dosing with 5 L of H20. 

As was the case in the AES studies, even 600 L of H20 does 

not visibly oxidize the Fe surface. Note, however, that the 

5 L H20 pre-dose slightly increases the extent of 02 

oxidation, as seen in Figure 4.2(bottom) by the increased 

peak height for Fe2+, Fe3+ relative to Fe°. This increased 

reactivity was also observed for 50 L 02 exposures (not 

shown here). These observations agree with Fehlner's 

prediction for H20 increasing a metal's reactivity toward 02 

(7), as discussed in Chapter 3. 

Shown in Figure 4.3 are the O Is spectra corresponding 

to the Fe spectra in Figure 4.1, and Figure 4.4 has the O Is 
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spectra corresponding to Figure 4.2. Figure 4.3(top) is the 

spectrum for residual 0 on a relatively clean Fe film. Its 

peak center (maximum) is shifted to slightly higher B.E., 

and is decidedly broader (FWHM = full width at half-maximum 

= 2.75 eV) than the much taller peak shown in Figure 

4.3(bottom) (FWHM = 1.75 eV). Figure 4.3(bottom) is at a 

position typical for an O Is peak from a metal oxide (27) , 

but having a small shoulder on the high B.E. side that 

corresponds to a small amount of hydroxide. The broadness 

of the residual 0 peak on Fe metal in Figure 4.3(top) 

indicates that it is about half O2" and half OH". Roberts 

postulated FeOOH to form on Fe at much higher pressures 

(21), and this film may be the beginning of an FeOOH layer. 

Figure 4.4(top) appears to be mostly O2" but with a 

sizeable OH" component (FWHM =2.45 eV), indicating that 

over half of the limited amount of H20 that adsorbs on Fe 

(one monolayer or less) (upon a 600 L exposure) has 

dissociated completely, splitting of both H atoms from the O 

atom. The peak amplitude of Figure 4.4(bottom) concurs with 

the conclusion from the Fe spectra that a 5 L H20 pre-dose 

has slightly increased the Fe reactivity toward 02. The 

peak shape and width, however, are identical to the 600 L 02 

exposure without pre-dosing, which indicates again that most 

of the pre-adsorbed H20 has been completely dissociated. 
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4.2 Ti Oxidation 

Figure 4.5 shows the Ti 2p region for Ti metal and Ti 

exposed to 600 L 02. Note that the Ti+4 2p3/2 peak is known 

to occur almost exactly where the Ti° 2p1/2 peak is, so while 

the two spectra look almost identical, there is a small 

increase in the 460 eV peak relative to the Ti° 2p3/2. This 

effect observed with XPS shows much less oxidation at this 

exposure to 02 than was observed with AES, where lineshape 

changes for Ti were essentially finished for Ti by 100 L 

exposure of 02. Figure 4.6 are the O Is spectra 

corresponding to Figure 4.5. The broad ( > 3 eV FWHM) - and 

shifted to higher B.E. - peaks suggest that even when 

exposed to 600 L of 02 the O Is spectra has significant 

contribution from residual OH". 

Platau et al. (19) also studied 02 oxidation of Ti 

using XPS, and found that if a 3000 L 02 exposure and a low 

angle of photoelectron acceptance (into the electron energy 

analyzer) were used, the first observable oxidation of the 

Ti occurred. Platau concluded that, for these levels of 

exposure, only one monolayer of oxygen had been adsorbed, 

quite contrary to other researchers' results (1,2,4,11,12). 

However, Platau had used only XPS and UPS, while others 

employed some type of electron beam excitation source, 

impinging currents up to 60 /xAmp. (McBreen, studying 02 

chemisorption on TiNi, TiFe, and Ti4Fe20, observed electron 
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beam damage, even when the current was kept below 0.5 pAmp 

(18).) Burrell used a quartz crystal microbalance to run 02 

exposure to Ti experiments in parallel to AES experiments 

(4). The microbalance experiments agreed with the results 

from the AES experiments even though the microbalance 

experiment samples were not subjected to electron beam 

excitation. Since the experiments agreed, there would 

appear to be no significant beam damage. 

The experiment was repeated and the Ti 2p and O Is 

spectra for the new 600 L 02 dosing are shown in Figure 4.7. 

The Ti peaks indicate surface oxidation and the O peak shows 

sizeable O presence, and in oxide form. If the difference 

between the two cases is due to either X-ray or electron 

beam effects, it should have been reproduced in the 

experiment mentioned. Since the first Ti + 02 experiment 

was performed just after an experiment using H20 exposures, 

it is possible that residual Hz0 vapor in the chamber 

passivated the surface against reaction with 02. This does 

not explain the results of Platau, so more research in this 

area be beneficial in order to clear up this issue. 

4.3 FeTi Oxidation 

The AES studies described in Chapter 3 indicated that 

the largest adlayer effects on the chemistry of the 

substrate metal were observed for 3 A of Ti over Fe, so XPS 
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studies of FeTi were confined to that combination. The 

results are summarized in the remaining figures in this 

chapter. 

It would be expected for Ti to be preferentially 

oxidized vs Fe when there is a 3 A film of Ti covering Fe. 

But, in light of the thinness of the Ti layer and therefore 

its discontinuous nature, it would not be expected to have a 

large effect on the reactivity of the Fe surface just 

underneath it. Figure 4.8, when contrasted with Figure 4.2, 

shows that the oxidation of surface Fe is greatly diminished 

by the 3 A of Ti, to the extent that Fe oxidation is 

approximately equal to that for a 50 L exposure to 02 

instead of 600 L. 

Figures 4.9 and 4.10 are the corresponding spectra for 

O and Ti, respectively. Figure 4.9 shows a 5 L H20 pre-dose 

to allow for slightly more 02 adsorption, but that the extra 

amount is all as O2" (both 4.9(top) and (bottom) have FWHM = 

1.75 eV). Figure 4.10 indicates that the 3 A Ti film is 

completely oxidized at 600 L 02, yielding a Ti02 spectrum 

(27), and is nearly so for 600 L 02 with H20 pre-dose. This 

shows that for the pre-dose case the Fe starts to oxidize 

before the Ti is completely oxidized, but the Ti is 

completely oxidized by 600 L 02 without pre-dosing. 

Finally, Figures 4.11 and 4.12 show the small amount of 

reaction occurring for 600 L exposures of H20 with and 
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without 02 pre-dosing. The 0 Is spectra in 4.11 show 

significant uptake of H20, but no increase or decrease 

corresponding to the 5 L 02 pre-dose, and both show mostly 

02" with only small amounts of OH". The Ti spectra in Figure 

4.12 also show no difference for the 02 pre-dose, and the Ti 

appears to be about half Ti° and half Ti4*, with intermediate 

oxidation states possible. Intermediate oxidation states 

were shown by Burrell to exist early in the 02 oxidation of 

pure Ti (4). 
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CHAPTER 5 

CONCLUSIONS 

Figure 1.2 has been repeated on the next page (now 

Figure 5.1) for reference while discussing conclusions about 

H20 and 02 oxidation of Fe, Ti, and FeTi. 

5.1 Fe Oxidation 

Exposures of 02 to clean Fe surfaces showed reactivity 

much like that reported in the literature by Maschhoff (17), 

as Fe appears to readily dissociate 02 and form 02" both on 

the clean surface and to some degree on the surface 

oxide(s), allowing Fe to form an oxide several monolayers 

thick. As reported by Roberts (21), Fe is much less 

reactive toward H20 than 02, only forming one monolayer or 

less at the levels of exposure examined here. The thin 

oxide layer formed with H20 shows Fe to dissociate H20 into 

02" (and some OH") , but apparently only on the clean metal 

and not on the oxide. 5 L pre-dosing with 02 or H20 

slightly increases reactivity toward the other, but the 

resulting surface is still quite unreactive toward H20. 

5.2 Ti Oxidation 

Clean Ti exposed to 02 reacts to form an oxide with 
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about the same limiting thickness as would Fe, but reaches 

that thickness more quickly or at lower 02 exposures. Ti is 

also much more reactive toward H20 than is Fe, but the 

reactivity toward H20 is still less than the reactivity of 

either metal toward 02. XPS shows that the clean Ti surface 

readily dissociates H20 to form OH", but the surface does 

not dissociate H20 once passivated with a monolayer of 

hydroxide. Pre-dosing clean Ti with 02 slightly increases 

reactivity toward H20 - as was the case for Fe - but pre-

dosing with H20 significantly reduces reactivity toward 02. 

Since Ti is much more reactive toward H20 than is Fe, this 

passivating effect would be expected to occur at much lower 

exposure levels than those reported for Fe by Roberts (21). 

5.3 FeTi Oxidation 

An Fe adlayer over Ti appears to have little effect on 

the reactivity of either metal other than as a small barrier 

to interaction between Ti and the oxidant. An adlayer of Ti 

over Fe (especially one yielding individual atoms and/or 

small clusters of Ti), however, greatly reduces the 

reactivity of Fe toward 02. H20 pre-dosing of the Ti-

modified Fe surface appears to titrate away (oxidize) a few 

of the Ti adatoms, as it slightly increases the reactivity 

of this adlayer system toward 02. This adlayer appears to 

be a good model for oxidation processes in FeTi, as it 
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parallels the surface composition of the alloy after 

"activation", which is known to cause segregation of Fe and 

Ti in the near surface region. The resultant oxide 

formation passivates the Fe toward 02, without forming 

several monolayers of oxide. 
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ADDITIONAL RATIO PLOTS 

The following pages contain a complete set of AES ratio 

plots for the survey work described earlier. The order of 

plots is described as follows: 

1. The top plots on a given page are for a bulk film of 

Fe overlaid with various thicknesses of thin Ti films. The 

bottom plots are for Ti overlaid with Fe. 

2. Three pages together form a trio of data, where the 

corresponding data were acquired simultaneously (e.g. the 

O/Fe1, O/Ti', and Fe'/Ti' values for 10 A Ti on Fe exposed to 

30 L 02 are calculated from a single AES scan) . The first 

plots of a trio are the O/Fe' ratios, followed by O/Ti' and 

then Fe'/Ti1* 

3. Of the four trios, the first two are for 02 dosed and 

02 dosed with a 5 L H20 pre-dose, while the second two trios 

are for H20 dosed and H20 dosed with a 5 L 02 pre-dose, 

respectively. 
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